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Abstract

A GGGGCC repeat expansion mutation in the C9orf72 gene is the most common
genetic cause of both ALS and FTD. However, the key downstream effector
pathways mediating neuronal loss are still unclear. The aims of this thesis were
to reveal novel insights into the pathogenesis of C9orf72 ALS/FTD using (G4C2)3s
Drosophila models, to identify protective genes and pathways for further

investigation.

First, | investigated the protective effects of odd and bowl, previously identified in
a genetic overexpression screen for suppressors of (G4C2)ze toxicity. Novel
transgenic Drosophila expressing the human orthologs of odd and bow/, OSR1
and OSR2, extended C9 fly survival when overexpressed in adult neurons. The
extent of survival benefit varied between the genes tested; odd and OSR2
produced greater survival extensions than bow/ or OSR1, attributable to odd and
OSR2 decreasing DPR levels.

Next, | characterised Trpy, as a modifier of C9 toxicity. Trpy was upregulated at
an early timepoint in C9 flies. Furthermore, Trpy orthologs TRPC4 and TRPCS5,
were upregulated in patient-derived iPS motor neurons, while TRPC4 was
downregulated in COALS post-mortem cortical neurons. Overexpression of Trpy
improved multiple neurodegenerative phenotypes in C9 flies, in part by reducing
levels of toxic poly(GR), suggesting that early upregulation of Trpy is a protective

response.

Lastly, | performed RNA sequencing on C9 fly heads at a pre-degeneration
timepoint to identify early dysregulated pathways and found downregulation of
fatty acid synthesis and desaturation pathway genes. Remarkably, this signature
was conserved in a transcriptomic dataset of human ALS spinal cord. Lipidomic
analyses of C9ALS/FTD iPSC-neurons and FTD post-mortem brains revealed a

striking loss of highly unsaturated phospholipids. Desaturase overexpression was



sufficient to extend survival in C9 flies and protect against excitotoxicity in C9
iPSC-derived motor neurons, implicating altered neuronal phospholipid
saturation as a novel pathway in C9ALS/FTD pathogenesis.



Impact statement

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two
devastating neurodegenerative diseases, for which there are currently no
effective disease modifying treatments. ALS affects the upper and lower motor
neurons, leading to motor impairments and eventual paralysis, while FTD affects
the frontal and temporal lobes of the brain impacting behaviour and language.
The lifetime risk of ALS is 1 in 350 for males, and 1 in 400 for females, with an
average age of onset of 64 years and average survival after symptom onset of
30 months. FTD is the second most common form of early-onset dementia, with
a disease duration of approximately 8 years. These diseases present a
substantial burden to affected individuals and their caregivers, as well as
substantial socioeconomic costs. Therefore, there is an urgent need for
therapeutics that effectively delay disease progression and provide a greater
quality of life to patients.

In 2011, a repeat expansion of GGGGCC in the first intron of the C9orf72 gene
was discovered to be the most common genetic cause of both ALS and FTD. The
repeat DNA undergoes bidirectional transcription to produce sense and antisense
repeat RNA, which can undergo repeat associated non-AUG (RAN) translation,
to produce five different dipeptide repeat proteins, of which poly(PR) and
poly(GR) have been experimentally shown to be the most toxic. Significant
progress has been made in understanding the mechanisms of toxicity associated
with the C9orf72 mutation. However, the key downstream effector pathways
mediating neuronal loss are still unclear. This work aimed to utilise Drosophila
models of COALS/FTD to reveal novel protective pathways for further validation
in patient cells and tissues, thus enabling the development of much needed
therapies for these devastating diseases.

Trpy, a gene that encodes a TRPC ion channel was identified as a genetic
modifier of toxicity in a Drosophila model of COALS/FTD, extending survival and
ameliorating motor impairments by decreasing toxic poly(GR) levels, when

expressed in neurons. Trpy, and its human homologs TRPC4 and TRPC5 were



found to be transcriptionally dysregulated in C9 Drosophila, patient iPSC neurons
and post-mortem brains. Riluzole, the first approved drug for ALS, can activate
TRPC5 channels, and therefore further experiments investigating the potential of
TRPC4 and TRPC5 expression and activity, to modify C9orf72 repeat toxicity in

mammalian models are warranted.

In this work, unbiased transcriptomic analysis identified genes belonging to the
fatty acid synthesis and desaturation pathway as downregulated in a Drosophila
model of C9ALS/FTD, and in human post-mortem ALS spinal cord. Furthermore,
a pronounced loss of specific polyunsaturated fatty acids (PUFAs) from
phospholipids was found in C9ALS/FTD iPSC neurons and FTD frontal cortex
tissue. Neuronal overexpression of desaturation genes could prevent CO9-
associated neurodegeneration in Drosophila and protect against excitotoxicity in
C9 iPSC-derived motor neurons. Multiple studies have previously implicated
altered lipid metabolism, particularly involving PUFAs in ALS and FTD. However,
until this study, it was yet to be determined if PUFA-containing lipids were altered
in ALS/FTD neurons and whether this contributes directly to neuronal loss. The
results presented here are the first to directly implicate neuronal PUFA
metabolism in C9ALS/FTD pathogenesis and suggest that modulating neuronal
PUFA metabolism is a potent approach for ameliorating C9-associated

neurodegeneration.

Additionally, similar transcriptomic and lipidomic profiles were observed between
non-COALS and C9ALS, and non-C9FTD and COFTD respectively; suggesting
that phospholipid PUFA dysregulation may be a converging pathway among
C9orf72 and non-C9orf72 ALS and FTD, expanding the potential utility of our
findings. This opens up further research avenues to explore neuronal PUFA
metabolism in non-C9 ALS and FTD, and to test whether modulating neuronal
PUFA metabolism may also prevent neurodegeneration in sporadic ALS and
other genetic forms of ALS and FTD.

The data from this study has formed the basis for two successful grant
applications to further investigate the mechanisms underlying PUFA



dysregulation and the mechanisms by which desaturases rescue

neurodegeneration.
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Chapter 1. Introduction

1.1 Introduction to ALS and FTD

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative
disorder that affects the upper and lower motor neurons, resulting in voluntary
muscle denervation (Mead et al., 2023). Clinical presentation is varied, with
approximately 75% of patients presenting with limb-onset, with muscle
weakness, spasticity, fasciculations and wasting; while bulbar-onset is seen in
25% of patients, characterised by spastic dysarthria, tongue wasting and difficulty
speaking (Kiernan et al., 2011). The lifetime risk of ALS is 1 in 350 for males and
1in 400 for females (Ryan et al., 2019), with a mean age of onset of 58-63 years
(Kiernan et al., 2011). The average survival after symptom onset is 30 months,
with patients invariably succumbing to neuromuscular respiratory failure (Masrori
and Van Damme, 2020; Westeneng et al., 2018).

Frontotemporal dementia (FTD) is the second most common form of early-onset
dementia (Young et al., 2017). FTD is a progressive neurodegenerative disorder
that affects the frontal and temporal cortex and can be divided into three major
subtypes. Firstly, behavioural variant frontotemporal dementia which is
characterised by disinhibition, apathy, lack of empathy and stereotyped
behaviours. Semantic variant of primary progressive aphasia (SV-PPA) presents
with impaired individual word comprehension (anomia) but retained grammar and
fluency of speech as well as issues with object recognition. Non-fluent variant of
primary progressive aphasia (NFV-PPA) is characterised by Ilaboured
agrammatical and halting speech (Boeve et al., 2022). FTD has a prevalence of
3-26 per 100,000 in the UK population, with disease onset typically between 45
to 64 years of age, and a disease duration of approximately 8 years (Bang, Spina
and Miller, 2015).
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1.1.2 ALS and FTD are part of the same disease spectrum

It is now well established that ALS and FTD represent two ends of a
neurodegenerative disease continuum, with overlapping clinical, pathological and
genetic features (Strong et al., 2017; Ling, Polymenidou and Cleveland, 2013;
van Langenhove, van der Zee and van Broeckhoven, 2012).

1.1.2.1 Clinical overlap of ALS and FTD

Approximately 40-50% of ALS patients have cognitive impairment, with 15%
meeting diagnostic criteria for FTD (Phukan et al., 2012; Ringholz et al., 2005).
Similarly, 15% of FTD patients meet the criteria for an ALS diagnosis (Lomen-
Hoerth, Anderson and Miller, 2002).

1.1.2.2 Pathological overlap of ALS and FTD

Pathologically, ALS and FTD are related by the fact that they share pathological
proteinaceous inclusions. Ubiquitinated inclusions of phosphorylated TDP-43,
are found in the neurons of 97% of ALS and 45% of FTD cases (Arai et al., 2006;
Neumann et al, 2006). Furthermore, fused in sarcoma (FUS) neuronal
cytoplasmic and intranuclear inclusions are found in approximately 10% of FTD
patients and 1% of ALS patients (Urwin et al., 2010; Vance et al., 2009;
Kwiatkowski et al., 2009; Neumann et al., 2009). Additionally, tau inclusions are
found in 45% of FTD patients, but not ALS while SOD1 inclusions are found in
2% of ALS cases but not FTD cases (Ling, Polymenidou and Cleveland, 2013)
(Figure 1.1).
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Figure 1.1 Pathological protein inclusions in ALS and FTD.

In ALS, the major protein inclusions are TDP-43, present in 97%, SOD1 in 2%
and FUS in less than 1% of cases. In FTD, TDP-43 and TAU are each found in
45% of cases, FUS in 9% and ubiquitin-proteasome system (UPS) related
inclusions found in 1%. Figure adapted from (Ling, Polymenidou and Cleveland,
2013) and produced using GraphPad Prism and Adobe lllustrator.

1.1.2.3 Genetic overlap of ALS and FTD

10% of ALS cases are familial, with 90% thought to be sporadic. Among familial
ALS cases, mutations in superoxide dismutase 1 (SOD17) were the first described,
and account for 20% of cases (Rosen et al., 1993). Other mutations that cause
familial ALS include those in NIMA Related Kinase 1 (NEKT), kinesin family
member 5A (KIF5A), and optineurin (OPTN) (Nicolas et al., 2018; Brenner et al.,
2016; Maruyama et al., 2010). Up to half of FTD cases have a genetic
component, with mutations in microtubule-associated protein tau (MAPT) and
progranulin (GRN) each responsible for approximately 20% of inherited FTD
cases (van Langenhove, van der Zee and van Broeckhoven, 2012; Baker et al.,
2006; Cruts et al., 2006; Hutton et al., 1998). Additionally mutations in CHMP2B
are a rare cause of FTD (Skibinski et al., 2005). Mutations in FUS and TDP-43
can lead to both ALS and FTD (Lagier-Tourenne, Polymenidou and Cleveland,
2010; Mackenzie, Rademakers and Neumann, 2010; Kwiatkowski et al., 2009;
Vance et al., 2009; Sreedharan et al., 2008; Kabashi et al., 2008; Van Deerlin et
al., 2008). Additionally, mutations in C9orf72 (see below), valosin-containing
protein (VCP) (Johnson et al., 2010; Watts et al., 2007), ubiquilin-2 (UBQLNZ2)
(Deng et al., 2011), TANK-binding kinase 1 (TBK7) (Freischmidt et al., 2015;
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Gijselinck et al., 2015) or p62/sequestosome (SQSTM17) (Rubino et al., 2012) can
cause either ALS or FTD (Figure 1.2).

These disease-causing mutations are tolerated for decades before patients
present with symptoms, suggesting that ageing and resulting loss of cellular
homeostasis lowers the threshold of tolerance to these toxic mutations.

FTD/ALS

sob1| [TDP-43 UBQLN-2 C9orf72 CHMP2B MAPT
TBK1 I |
FUS SQSTM1 VCP GRN
NEK1
OPTN

Figure 1.2 Diagram highlighting some of the major genetic mutations
causing either ALS, FTD or both ALS and FTD.

Figure adapted from (Ling, Polymenidou and Cleveland, 2013) and produced
using BioRender.

1.2 C90rf72 ALS and FTD

In 2011, it was discovered that a hexanucleotide repeat expansion of GGGGCC
in the chromosome 9, open reading frame 72 (C9orf72) gene is the most common
genetic cause of both ALS and FTD in European and North American populations
(Woollacott and Mead, 2014; Majounie et al., 2012; DeJesus-Hernandez et al.,
2011; Renton et al., 2011). Typically, patients can carry hundreds to thousands
of these repeats, with an arbitrary pathological threshold of 30 repeats used in
studies (Suh et al., 2015; van Blitterswijk et al., 2013). Somatic instability and
mosaicism of this mutation occurs, with longer repeats found in the CNS versus
blood, and different repeat lengths in different brain regions (Gijselinck et al.,
2016; Nordin et al., 2015; Fratta et al., 2015; Beck et al., 2013). C9orf72 has three
main transcript variants, with the mutation located in the first intron of variants 1
and 3 and in the promoter region of variant 2. Variant 1 produces a short 222
amino acid C90RF72 protein, while variants 2 and 3 produce a longer COORF72
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protein of 481 amino acids (Figure 1.3) (Balendra and Isaacs, 2018; Todd and
Petrucelli, 2016).
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Figure 1.3 C90rf72 gene structure and location of hexanucleotide repeat
expansions.

A. C9orf72 gene structure (note: length of introns not to scale). The GGGGCC
repeat expansion is indicated by the blue arrow. B. C90rf72 has three pre-mRNA
transcript variants. The G4C> repeats are located within the first intron of variants
1 and 3, and within the promoter region of variant 2. Variants 2 and 3 encode the
long (481 amino acid) protein isoform CO9ORF72-L, containing the coding
sequence from exons 2-11, whereas variant 1 produces the short (222 amino
acid) isoform C9ORF72-S containing coding sequence from exons 2-5. Coding
regions are shown in white, while non-coding regions are shown in green. NCBI
transcript and protein accession numbers are shown. Figure adapted from (Todd
and Petrucelli, 2016).

1.2.1 Proposed mechanisms of toxicity in C9orf72 ALS/FTD

There are three proposed non-mutually exclusive mechanisms of toxicity
associated with the C9orf72 mutation, which may act synergistically (Zhu et al.,
2020) (Figure 1.4). These include toxic gain of function from the transcribed
sense and antisense RNA, toxic gain of function from the translated dipeptide-
repeat proteins and loss of function of COORF72 protein (Figure 1.4).
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Figure 1.4 Proposed mechanisms of toxicity of C90rf72 hexanucleotide
repeat expansion.

Gain of function mechanisms include repeat RNA mediated toxicity and dipeptide
repeat protein toxicity, loss of function toxicity may occur though
haploinsufficiency of the C9ORF72 protein. Figure adapted from (Ling,
Polymenidou and Cleveland, 2013) and produced using BioRender.

1.2.1.1 C9orf72 haploinsufficiency

As previously mentioned, C9orf72 has three transcript variants (Figure 1.3).
Variant 2 is normally expressed at higher levels than variants 1 or 3 in the CNS
(Rizzu et al., 2016; Tran et al., 2015). The expanded repeats are in the promoter
region of variant 2, and therefore can decrease expression of this variant
(Balendra and Isaacs, 2018; Rizzu et al., 2016; Tran et al., 2015). Transcript
variants 1 and 3 harbour the repeat expansion in intron 1, which is retained in the
mature RNA that can form RNA foci and be RAN translated to produce DPRs.
Sense and antisense transcripts containing intron 1 are increased in COALS/FTD
brains (Zu et al., 2013; Mori et al., 2013), while reduced levels of mature, spliced
C9orf72 mRNA are reported in C9orf72 patient brain, spinal cord, blood
lymphocytes and iPSC-derived neurons (Tran et al., 2015; Waite et al., 2014;
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Belzil et al., 2013; Donnelly et al., 2013; DeJesus-Hernandez et al., 2011; Renton
et al., 2011). Reduced C9ORF72 protein levels have been reported in frontal
cortex (Xiao et al., 2015; Waite et al., 2014) and cerebellum (Frick et al., 2018).
Of note, increased levels of transcript variant 1 in the frontal cortex and
cerebellum associated with increased survival, therefore loss of function may

contribute to disease pathogenesis (van Blitterswijk et al., 2013).

C90RF72 is homologous and structurally related to the DENN (Differentially
expressed in normal and neoplasmic cells) guanine nucleotide exchange factors
proteins, which activate Rab proteins, important for vesicular trafficking (Levine
et al., 2013). The C9ORF72-L isoform has a role in autophagy induction (Sellier
et al., 2016; Gijselinck et al., 2012), while patient iPSC derived neurons have
basal autophagy impairments and a heightened sensitivity to autophagy blockade
(Aoki et al., 2017; Webster et al., 2016; Almeida et al., 2013). COORF72 localises
to lysosomes and plays a role in endolysosomal trafficking (Amick, Roczniak-
Ferguson and Ferguson, 2016; Farg et al., 2014). C9orf72 conditional knockout,
C9orf72 heterozygous mice and transient loss of function mouse models fail to
recapitulate motor or behavioural phenotypes or neurodegeneration seen in
human ALS/FTD. Only C9orf72 homozygous mutant mice show behavioural and
survival phenotypes related to immune cell dysfunction but do not display
neurodegeneration (Atanasio et al., 2016; Burberry et al., 2016; O’Rourke et al.,
2016). C9orf72 loss of function is not sufficient to drive toxicity but
haploinsufficiency likely acts synergistically, with gain of function mechanisms to

exacerbate toxicity (Zhu et al., 2020).

1.2.1.2 RNA-mediated toxicity

The GGGGCC repeat DNA undergoes bidirectional transcription to produce
sense and antisense repeat RNA that can form sense and antisense RNA
aggregates or foci (Mizielinska et al., 2013; Gendron et al., 2013). The guanine-
rich GGGGCC sequence can form stable DNA and RNA G-quadruplex secondary
structures as well as RNA-DNA hybrid (R-loop) or hairpin structures (Haeusler et
al.,, 2014; Fratta et al., 2012). These RNA foci are capable of binding and

sequestering RNA binding proteins, which could lead to neurotoxicity (Cooper-
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Knock et al., 2014; Lee et al., 2013; Wojciechowska and Krzyzosiak, 2011).
Intranuclear RNA foci are found in various human brain regions and spinal cord
and in patient-derived cells (DeJesus-Hernandez et al., 2017; Lagier-Tourenne
et al., 2013; Mizielinska et al., 2013; DedJesus-Hernandez et al., 2011).
Colocalisation of sense and antisense RNA foci with the RNA binding proteins
SRSF2, hnRNP A1, hnRNP F, ALYREF has been demonstrated in Purkinje
neurons of the cerebellum of C9orf72 ALS cases, with direct interaction confirmed
by UV crosslinking assays (Cooper-Knock et al., 2015). In that study, only
antisense RNA foci correlated with TDP-43 mislocalisation in C9orf72 ALS
patient motor neurons (Cooper-Knock et al., 2015), a finding that has recently
been corroborated (Aladesuyi Arogundade et al., 2019). A more recent study
using BaseScope reported a correlation of sense RNA foci with TDP-43
aggregation in spinal motor neurons but not in motor cortex neurons or glia
(Mehta et al., 2020). Repeat RNA has been shown to affect the nuclear pore,
initiating a POM121-mediated reduction in nucleoporins, and neuronal cell death
(Coyne et al., 2020).

1.2.1.3 DPR-mediated toxicity

The GGGGCC repeat expansion RNA can undergo an unconventional form of
translation, called repeat associated non-AUG (RAN) translation, which is
thought to be dependent on RNA secondary structure (Zu et al., 2011). RAN
translation also occurs in other repeat expansion neurological disorders including
fragile X-associated tremor ataxia syndrome, myotonic dystrophy type 2,
spinocerebellar ataxia, Fuchs endothelial corneal dystrophy and Huntington
disease (Cleary, Pattamatta and Ranum, 2018). Expanded RNA in C9orf72
ALS/FTD, is RAN translated in all three reading frames to produce dipeptide
repeat proteins (Ash et al., 2013). RAN translated DPRs produced from the sense
strand include poly-glycine arginine (poly(GR)), poly-glycine proline (poly(GP))
and poly-glycine alanine (poly(GA)), while DPRs produced from the antisense
strand include poly-glycine proline (poly(GP)), poly-proline arginine (poly(PR))
and poly-proline alanine (poly(PA)) (Figure 1.5) (Ash et al., 2013; Mori et al.,
2013; Gendron et al., 2013; Zu et al., 2013). DPR abundance is highest in cortical,

hippocampal, and cerebellar regions (Saberi et al., 2018; Mackenzie et al., 2015;
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Schludi et al., 2015; Mackenzie et al., 2013; Zu et al., 2013; Ash et al., 2013;
Mann et al., 2013). DPRs are mostly found as perinuclear cytoplasmic
aggregates, and occasionally as dendritic aggregates, while poly(GP) and
poly(GA) also show diffuse cytoplasmic staining, whereas poly(PR) and poly(PA)
are rarely detected in post-mortem brain tissue (Saberi et al., 2018). Only
poly(GR) has been shown to co-localise with phosphorylated TDP-43 (Saberi et
al., 2018). The above studies relied on immunohistochemical methods to detect
insoluble DPR aggregates, however, soluble and insoluble DPRs can be
detected by MSD immunoassays, with poly(GA) found to be more insoluble while
poly(GP) is mostly soluble (Quaegebeur et al., 2020; Gendron et al., 2015).
Soluble DPRs are less abundant in clinically affected brain regions, most
abundant in the clinically unaffected cerebellum, and poly(GR) and poly(GP)
solubility correlates with disease severity (Quaegebeur et al., 2020). Overall,
there is a lack of clear spatial correlation of DPR inclusions with

neurodegeneration in post-mortem brain tissue.

Poly-GR Gly Arg Gly Arg Gly

Poly-GP Gly Pro Gly Pro Gly

1 : : | n
Poly-GA (ENEDNNDED) =anse
5'- GGGGCCGGGGCCGGGGCC - 3'
3'- CCCCGGCCCCGGCCCCGG -5
\V2c -2l Pro Gly Pro Gly P :5 )
y gt g - Antisense

Poly-PR Pro Arg Pro Arg Pro

Poly-PA Ala Pro Ala Pro Ala

Figure 1.5 Dipeptide repeat proteins produced from the GGGGCC
sequence by RAN translation.

RAN translation of the GGGGCC expanded repeats occurs in all three reading
frames to produce dipeptide repeat proteins (DPRs). DPRs produced from the
sense strand include poly-glycine arginine (poly(GR)), poly-glycine proline
(poly(GP)) and poly-glycine alanine (poly(GA)), while DPRs produced from the
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antisense strand include poly-glycine proline (poly(GP)), poly-proline arginine
(poly(PR)) and poly-proline alanine (poly(PA)). Figure adapted from (Balendra
and Isaacs, 2018) and produced using BioRender.

Drosophila do not possess a C9orf72 ortholog, and therefore have proven useful
for dissecting the relative toxic contributions of gain of function mechanisms,
independent of C9orf72 haploinsufficiency. DPRs rather than repeat RNA have
been shown to cause neurotoxicity in Drosophila models (Moens et al., 2018;
Mizielinska et al., 2014). Overexpression of 36 GGGGCC repeats in Drosophila
eyes or adult neurons led to neurodegeneration (Mizielinska et al., 2014).
However, blocking translation of the repeats into DPRs, by interrupting the
sequence with stop codons in each reading frame, prevented neurodegeneration,
demonstrating that it is the production of DPRs that causes toxicity in this model
(Mizielinska et al., 2014) (Figure 1.6). Also, by exploiting codon-degeneracy,
Mizielinska et al. generated protein-only models, individually expressing the five
DPRs in an ATG-dependent manner, via non-GGGGCC RNA sequences and
concluded that the basic glycine-arginine (GR) and proline-arginine (PR) DPRs
are primarily responsible for toxicity, with glycine-alanine yielding a mild, length
dependent toxic phenotype (Mizielinska et al., 2014) (Figure 1.7). Drosophila
neuronally expressing sense or antisense RNA, but not DPRs, at similar lengths
to those found in patients, do not develop neurodegeneration, despite the
production of RNA foci and RNA binding protein sequestration (Moens et al.,
2018). Additionally, a Drosophila model ubiquitously overexpressing 160 intronic
GGGGCC repeats, in which the G4C2 sequence was spliced out to form RNA foci
but not DPRs also showed no evidence of neurodegeneration (Tran et al., 2015).
DPRs have been shown to be neurotoxic in multiple disease models despite the
fact that DPRs do not correlate well with neurodegeneration in ALS/FTD post-
mortem brains (Moens, Partridge and Isaacs, 2017).

36



A 'e) )
0 o
o AP oS AR AP P
GR e .

Actin @ ® @ o ©® o
B

Figure 1.6 GGGGCC expanded repeats promote neurodegeneration
through dipeptide repeat proteins.

A. Dot blot confirming the production of poly(GR) by both (G4C2)3s and (G4C2)103
pure repeat flies, but not by (G4C2)s flies or RNA-only (RO) flies. B. Eye toxicity
was observed with (G4C2)3s and (G4Coz)103 pure repeats, while (G4C2)s pure
repeats and 36, 108 or 288 RO repeats had no effect. C. Expression of (G4C2)3s
and (G4C2)103 in adult neurons reduced survival, while (G4C2)s and RO repeats
had no effect. Figure adapted from (Mizielinska et al., 2014).
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Figure 1.7. Arginine-containing DPRs are most toxic in Drosophila.

A. Expressing (GR)ss or (PR)ss in Drosophila eyes lead to a rough eye phenotype.
B. There is a length-dependent toxicity of poly(GR) and poly(PR) on the rough
eye phenotype, with (GR)100 and (PR)100 more toxic than (GR)zs and (PR)ss. C.
Expression of (GR)100 and (PR)100 in adult neurons dramatically reduced survival,
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while (GA)100 produced a late-onset survival deficit. Neuronal expression of
(PA)100 or elavGS driver alone had no effect on survival. Figure adapted from
(Mizielinska et al., 2014).

1.2.1.4 Pathways implicated in C9ALS/FTD

Many cellular processes have been associated with toxicity downstream of
C9orf72 expansions. Cell autonomous pathways include defective RNA
processing, translation inhibition, DNA damage, autophagy and lysosomal
dysfunction, impaired ubiquitin proteasome system, altered liquid-liquid phase
separation, endoplasmic reticulum stress, nucleocytoplasmic transport
dysfunction, impaired axonal and vesicular transport, mitochondrial dysfunction,
hyper and hypoexcitability, glutamate excitotoxicity, neuronal branching defects
and altered growth cone dynamics (Figure 1.6) (Balendra and Isaacs, 2018).
Non-neuronal cells of the CNS, including microglia, astrocytes and
oligodendrocytes, have also been implicated in ALS/FTD, with both protective
and toxic involvement, particularly in relation to neuroinflammation (Vahsen et al.,
2021; Guttenplan et al., 2020; Balendra and Isaacs, 2018). Despite the large
number of cellular pathways implicated in C9ALS/FTD, the molecular
mechanisms driving neuronal loss are unclear. Dissecting the causative versus
consequential and correlative pathways in this cascade, in a temporal manner

will be crucial to intervene in this downstream neurodegeneration.
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Figure 1.8. Cellular pathways implicated in C9ALS/FTD.
Figure adapted from (Balendra and Isaacs, 2018).

1.3 Drosophila as a model for neurodegenerative disease

Drosophila are a useful model for biological research given their short lifespan,
low maintenance costs, ability to generate large populations and their genetic
tractability (Piper and Partridge, 2018). Drosophila and human genomes share
60% homology, while 75% of genes that cause disease in humans have a
functional homolog in Drosophila (Ugur, Chen and Bellen, 2016; Reiter et al.,
2001). The low genetic redundancy of the Drosophila genome simplifies the study
of complex human diseases (Anoar, Woodling and Niccoli, 2021). Drosophila
have a complex nervous system, and display complex behaviours including
sleep, learning and memory, which are impacted by ageing and the expression
of toxic genes, making Drosophila a useful model for neurodegenerative research
(Anoar, Woodling and Niccoli, 2021; Chan and Bonini, 2000).

The GAL4/UAS (upstream activating sequence) system is widely used to control

the expression of genes of interest in Drosophila (Brand and Perrimon, 1993).
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The yeast-derived transcriptional activator GAL4, is under the control of a tissue
specific promoter, and the line carrying these elements is called the ‘driver’. When
GAL4 binds to UAS, transcription of the downstream gene of interest occurs. The
Gal4-Geneswitch iteration of this system, has a progesterone inducible element
fused to the DNA binding domain of GAL4. Transcriptional activation only occurs
upon feeding with the RU486 drug, allowing the expression of toxic constructs to
be limited to adult tissues (Osterwalder et al., 2001). Using this system to
overexpress G4C» repeats specifically in adult neurons, the Partridge and Isaacs
labs demonstrated DPR mediated toxicity with reduced lifespan and
neurodegeneration (Mizielinska et al., 2014) (Figure 1.6).

y o y 60
v X Jo A\
ElavGs Y (G4C2)36
GAL4 protein ‘
¥ Y F1
_‘ Neuronal promoter Al A o No Iigand present
(Elav)
UAS
Neuron specific expression of inducible GAL4 No transcriptional activation
+ RU486 l
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v

C o .

oo «»
— K@_ m C) RU486 inducing drug
UAS present
Transcriptional activation

Figure 1.9. RU486-inducible gene switch system.
Figure adapted from (Osterwalder et al., 2001) and produced using BioRender.

1.3.1 Drosophila as an animal model for genetic screens

Expansive collections of Drosophila lines are available to the community to
overexpress, knockdown or knockout genes of interest, facilitating large scale
genetic screens (Perkins et al., 2015; Bischof et al., 2013; Dietzl et al., 2007;
Bellen et al., 2004). High-throughput, unbiased screens for genetic modifiers of
DPR toxicity in Drosophila have already yielded important insights into disease

mechanisms, with confirmation in patient iPSC-neuronal models (Yuva-Aydemir
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et al., 2019; Lopez-Gonzalez et al., 2019; Freibaum et al., 2015). However, the
genetic screens published so far using C9orf72 Drosophila models have relied
upon overexpression of toxic constructs to investigate developmental phenotypes
(Yuva-Aydemir, Almeida and Gao, 2018). Genetic screens utilising adult neuronal
expression models have the potential to reveal novel pathways mediating toxicity
and uncover new therapeutic targets and may prove a powerful approach upon
confirmation of hits in patient iPSC neurons and mouse models.

1.4 iPSC neuronal models of C9ALS/FTD

Since 2007, when it was first demonstrated that induced pluripotent stem cells
can be generated from adult human fibroblasts, researchers have recognised the
potential of differentiated patient-derived iPSCs to propel the study of human
disease in-vitro (Takahashi et al., 2007). This advance has enabled
neurodegenerative disease researchers to study the earliest stages of cellular
dysfunction in patient iPSC-derived neurons, astrocytes and glia, as opposed to
studying end stage disease in post-mortem patient brain tissue (Penney,
Ralvenius and Tsai, 2020).

CRISPR/Cas9 genome editing has been used to introduce disease-causing
mutations into iPSC lines from healthy donors, and to correct mutations in iPSCs
from patients (Penney, Ralvenius and Tsai, 2020). This has enabled researchers
to directly compare isogenic lines, generated from a single individual, with an
otherwise identical genetic background, except for the presence or absence of
the disease-causing mutation (Ramos et al., 2021; Selvaraj, Livesey and
Chandran, 2017). Many iPSC lines are now available to the community,
generated from sporadic or C9orf72 ALS, FTD and ALS/FTD patients, and the
neurons derived from these cells produce RNA foci and DPRs, with some models
having C9orf72 haploinsufficiency (Baxi et al., 2022; Selvaraj et al., 2018; Dafinca
et al., 2016; Almeida et al., 2013; Donnelly et al., 2013; Sareen et al., 2013). More
recent studies have used iPSC co-culture models and iPSC-cortical organoid
models to investigate the interactions of neurons and glia, enabling the study of
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cell extrinsic contributions to neurodegeneration in C9orf72 ALS/FTD (Vahsen et
al., 2022; Szebényi et al., 2021).

1.5 Transcription factor involvement in C9ALS/FTD

Given the extensive transcriptional deregulation observed in COALS/FTD, it is
plausible that transcription factor activity is altered in these diseases.
Transcription factors act in the nucleus where they bind to specific motifs
upstream of target genes to influence their transcription (Latchman, 1997).
Indeed, poly(PR) has been demonstrated to alter chromatin accessibility, and
stabilise the transcription factor p53, activating its target genes, resulting in
neuronal cell death (Maor-Nof et al., 2021). Also, the localisation of transcription
factors has been found to be altered in neurodegenerative diseases possibly due
to impaired nucleocytoplasmic transport, which is also implicated in C9orf72
ALS/FTD (Freibaum et al, 2015; Chu et al., 2007). Furthermore, when
considering genetic modifiers of toxicity for complex diseases like ALS and FTD,
single gene manipulations may not be sufficient to meaningfully modify toxicity.
Rather, manipulating the activity of transcriptional coactivators and transcription
factors may be a more promising approach to simultaneously modify
transcriptional networks and cellular pathways. This has recently been
demonstrated with PGC7a overexpression to ameliorate mitochondrial
dysfunction and restore axonal homeostasis in C9orf72 iPSC-motor neurons
(Mehta et al., 2021).

1.6 Lipids and ALS/FTD

The brain has the second highest lipid content of all tissues in the body, after
adipose tissue, constituting 50% dry weight of the brain and therefore lipid
dysregulation could have widespread devastating consequences for neuronal
health (Figure 1.10) (Hornemann, 2021; Chung et al., 2013). Lipids are a large
heterogenous group of biomolecules with essential energetic, structural, and
signalling roles (Tracey et al., 2018) (Figure 1.11). The importance of lipids to
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eukaryotic cellular function is underscored by the fact that 5% of all genes are

devoted to lipid synthesis (van Meer, Voelker and Feigenson, 2008).
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Figure 1.10. Lipids are a substantial structural component of the brain.

A. Mouse brain before CLARITY treatment to remove all lipids. B. Mouse brain
48-hour after CLARITY treatment, which removes all lipids but maintains
remaining structure with a nanoporous hydrogel. Figure adapted from (Chung et
al., 2013).

Fatty acids (FAs), serve as the building blocks of most complex lipid classes,
including glycerophospholipids, triglycerides (TGs), diacylglycerols (DGs),
sphingolipids, ceramides, and cholesterol esters. Diversity between these lipid
classes is conferred by head group composition, attachment to aliphatic chains,
and conjugation to fatty acids (Fahy et al., 2009; Holthuis and Menon, 2014). The
presence or absence of double bonds in the acyl chain of fatty acids determines
its saturation profile - saturated fatty acids have zero double bonds in their acyl
chain, monounsaturated fatty acids contain one, whereas polyunsaturated fatty
acids (PUFAs) contain at least two double bonds. The length of the fatty acid acyl
chain, the number and position of double bonds, as well as head group
composition influences the physicochemical properties of complex lipids and
therefore can influence physiological functions of lipids (Holthuis and Menon,
2014; de Kroon, Rijken and De Smet, 2013).
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Figure 1.11. The functional roles of lipids in the brain.

(1) Astrocytes take up free fatty acids and ketones from systemic circulation
which are then stored as lipid droplets or undergo B-oxidation in mitochondria (2).
(3) Astrocytes shuttle lipid-derived metabolites to neurons, as a fuel source. (4)
Lipids are a major structural component of cellular membranes in the CNS. The
composition of phospholipid membranes, and in particular the fatty acids
attached to these phospholipids can influence signalling, particularly synaptic
transmission between neurons (5), and between neurons and astrocytes (6).
Neuronal membranes also store various lipids (7). (8) Neuronal lipid rafts
composed of sphingolipids, phospholipids and cholesterol also play important
roles in signal transduction (9). Figure adapted from (Tracey et al., 2021).

Over the past decade, several studies have investigated dysregulated lipid
metabolism in ALS and FTD (Tracey et al., 2021; Tracey et al., 2018; Schmitt et
al., 2014). There are conflicting reports in the literature whether an increased
body mass index or hyperlipidaemia is a protective factor in ALS (Kostic Dedic et
al., 2012; Paganoni et al., 2011; Dupuis et al., 2008). Dysregulation of triglyceride
metabolism has been linked to ALS, with decreased triglyceride levels associated
with faster disease progression (Sol et al., 2021) and shortened survival (Dorst
et al., 2011). Hypermetabolism with elevated resting energy expenditure is seen
in approximately 60% of ALS patients and negatively predicts survival
(Fayemendy et al., 2021; Desport et al., 2005; Desport et al., 2001). The LIPCAL-
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ALS study reported high fat diets have survival benefit for a subgroup of fast-
progressing ALS patients (NCT02306590) (Ludolph et al., 2020). High total
cholesterol levels have been causally associated with ALS risk (van Rheenen et
al.,, 2021). Analyses of UK Biobank data reported reduced levels of total
cholesterol and low-density lipoprotein cholesterol in blood up to 7 years prior to
symptom onset in ALS cases, which then stabilises or rises (Thompson et al.,
2023). Furthermore, elevated blood high density lipoprotein and apolipoprotein A
were associated with a decreased risk of ALS (Thompson, Talbot and Turner,
2022). Similarly, the Apolipoprotein-related MOrtality RISk study reported a
higher incidence of ALS among those with increased blood low-density
lipoprotein cholesterol, apolipoprotein B, apolipoprotein B/apolipoprotein A ratio
or low density lipoprotein cholesterol/high density lipoprotein cholesterol ratio in
the years before symptom onset (Mariosa et al., 2017). Therefore, premorbid
metabolic changes are found years prior to diagnoses, with biomarker potential
and may play a role in ALS pathogenesis.

PUFAs have also been linked to ALS pathogenesis. As previously mentioned,
esterified PUFAs influence the physicochemical properties of membrane lipids,
including membrane fluidity. Additionally, PUFAs can be de-esterified from
phospholipids to act as both pro- and anti-inflammatory signalling molecules
(Harayama and Shimizu, 2020; Bazinet and Layé, 2014). Multiple
epidemiological studies have demonstrated that increased dietary consumption
of PUFAs, particularly omega-3 (n3) PUFAs, is associated with decreased risk of
disease (Veldink et al., 2007; Fitzgerald et al., 2014). Higher levels of the PUFA
alpha-linolenic acid have been associated with a longer survival and slower
functional decline after disease onset (Bjornevik et al., 2023). The PUFAs
docosahexaenoic acid (DHA; 22:6 ®3), and arachidonic acid (AA; 20:4 ©6) are
particularly enriched in the brain and both have been linked to disease
pathogenesis (Bazinet and Layé, 2014). Dysregulated AA metabolism has been
reported across SOD1, C9orf72, TDP-43 and sporadic ALS spinal motor
neurons. AA can be processed by 5-lipoxgenase (5-LOX) to produce pro-
inflammatory leukotrienes. 5-LOX inhibition increased cell viability of SOD17 and
C9orf72 motor neurons and partially ameliorated neurodegenerative phenotypes
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in a Drosophila and SOD 1934 mouse model (Lee et al., 2021). Furthermore, the
levels of PUFA-derived mediators are found to be altered in the CSF of patients
with FTD, with C9orf72 carriers having higher levels of the DHA-derived
specialised pro-resolving mediators maresins and resolvins, as well as higher

levels of AA-derived leukotrienes (Sogorb-Esteve et al., 2021).

Despite the accumulating evidence implicating altered lipid metabolism,
particularly involving PUFAs in COALS/FTD, it is yet to be determined if PUFA-
containing lipids are altered in ALS/FTD neurons and whether this contributes

directly to neuronal loss.

1.7 Thesis aims

Significant progress has been made in understanding the mechanisms of toxicity
associated with the C9orf72 mutation. However, the key downstream effector
pathways mediating neuronal loss are still unclear. Combining unbiased omics
approaches with large scale genetic screens in Drosophila models of COALS/FTD
can reveal novel protective pathways for further validation in patient cells and
mammalian models, thus enabling the development of much needed therapies

for these devastating diseases.

Therefore, the overarching aims of this thesis were to reveal novel insights into
the pathogenesis of GGGGCC repeat expansion in Drosophila models of C9orf72
ALS/FTD, and to identify protective genes and pathways for further investigation.

1. Specifically, in Chapter 3 | investigated the mechanisms underlying the
protective effects of the Odd-skipped transcription factors odd and bowl,
which had previously been identified as suppressors of the reduced
survival phenotype of (G4C2)s36 flies in a large genetic overexpression
screen. Utilising transcriptomics and bioinformatic approaches, | aimed to
identify and validate downstream Odd-skipped target genes and pathways

mediating rescue effects.
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2.

In Chapter 4, | aimed to characterise Trpy overexpression as a suppressor
of toxicity in COALS/FTD Drosophila using lifespans, activity, and sleep
analyses, combined with MSD immunoassays to measure DPR levels.

Lastly, in Chapter 5, the role of lipid metabolism was investigated in
(G4C2)36 toxicity in Drosophila models using transcriptomic and lipidomic
approaches, as well as genetic and pharmacological manipulation, with
further validation performed in iPSC neuronal models and patient post-

mortem brains.
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Chapter 2: Methods

2.1 Drosophila food recipes

2.1.1 SYA medium

Per 1 L final volume: 15 g of agar was dissolved in 700 mL of distilled H20, and
heated until boiling. To this, 100 g of brewer’s yeast (MP Biomedical) and 50 g of
sugar were added. 170 mL of distilled water was added and the mixture allowed
to cool. When temperature reached below 60°C, 30 mL per litre nipagin (10% in
ethanol) and 3 mL propionic acid were added. Food was dispensed directly, or
for RU486 experiments food was supplemented with 200 pM RU486
(mifepristone) dissolved in ethanol, or an equal volume of ethanol and mixed well
before dispensing. Media was stored at 4°C until use and used within a month of
cooking.

2.1.2 Grape plates

Per 1 L: 25 g of agar was dissolved in 500 mL of distilled water and brought to
the boil. To this, 300 mL of red grape juice (Young’s definitive) was added. 50 mL
distilled water was added to cool the mixture. Once the mixture was cooled below
60°C, 21 mL of 10% nipigin stock was added. Media was stored at 4°C until use.

2.1.3 Fatty acid supplementation to Drosophila food

Fatty acids were added to SYA food, along with 200 yuM RU486 (Sigma), while it
was still liquid but had cooled to 50°C. The food was mixed thoroughly with an
electric handheld blender, before dispensing into individual vials. Fatty acids used
were palmitic acid (W283215, Merck), stearic acid (10002390, Fisher Scientific),
oleic acid (W281506, Merck), linoleic acid (436305, Merck Millipore) and alpha-
linolenic acid (L2376, Merck).
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2.2 Drosophila stocks and maintenance

2.2.1 Drosophila maintenance

Drosophila stocks were maintained on SYA food at 25°C in a 12-hour light/dark
cycle with 60% constant humidity. For RU486 induced experiments, food was
supplemented with 200 yM RU486 (mifepristone) from a 500X stock dissolved in

ethanol or an equal volume of ethanol.

2.2.2 Drosophila stocks

The elavGS stock was derived from the original elavGS 301.2 line (Osterwalder
et al., 2001), and generously provided by Hervé Tricoire (CNRS, France)
(Latouche et al., 2007). The daGS stock was generously provided by Véronique
Monnier (Tricoire et al., 2009). UAS-FASN1 and UAS-FASN2 lines were a gift
from Jacques Montagne (Université Paris-Sud) (Garrido et al., 2015). The UAS-
Trpy-AB and UAS-Trpy-D lines were generously provided by Orkun Akin (UCLA)
(Bajar et al., 2022). The UAS-mCD8::GFP line was a kind gift from Liqun Luo
(Lee and Luo, 1999). The w1118 line (BDSC:3605), GMR-Gal4 (BDSC:9146),
UAS-Trpy RNAIi (BDSC:53313), UAS-Arc1 RNAIi (BDSC:25954), UAS-hec RNAI
(BDSC:29623), UAS-Ect3 RNAi (BDSC:41655), CG9394 RNAI (BDSC:64586),
Trpy[1] (BDSC:64311) were obtained from the Bloomington Drosophila Stock
Centre. The UAS-bowl (FIlyORF:F000444) and UAS-odd (FIyORF:F000020) lines
were obtained from the FIyORF collection (Bischof et al., 2013). The ‘empty’
FIyORF line was generated by injecting a pUAST plasmid in a w-;M{3xP3-
RFP.attP}ZH-86Fb stock and selecting w+ flies (Xu et al., 2023). The UAS-
Desat1 (DGRC:118679) and UAS-fat-2 (DGRC:118682) lines were obtained from
the KYOTO Drosophila Stock Centre (Suito et al., 2020). The UAS-(G4C2)3s and
UAS-(GR)3s stocks have been previously described (Mizielinska et al., 2014). All
stocks were backcrossed to the w1118 strain for six generations before using for

experiments. Genotypes of all stocks used are described in Table 2.1.
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Table 2.1. Genotypes of Drosophila stocks used throughout

Stock Genotype

w1118 w[1118]

V-W+ w V!

elavGS w[1118];P{elavGSGAL4}

da-GS w[1118];P{da-GSGAL4.T}

GMR-Gal4 w[1118];P{GMR-GAL4.w[-]}2
UAS-(G4Cz2)s6 w([1118];P{UAS-GGGGCC.36}attP40
UAS-(GR)3s w[1118];P{UAS-poly-GR.PO-36}attP40
UAS-bowl M{UAS-bowl.ORF.3xHA.GW}ZH-86Fb
UAS-odd M{UAS-odd.ORF.3xHA.GW}ZH-86Fb
UAS-Trpy RNAI P(Perkins et al.)attP2

UAS-Arc1 RNAI v[1];P{y[+t7.7]v[+t1.8]=TRiP.JF01974}attP2
UAS-hec RNAI P(Perkins et al.)attP2

UAS-Ect3 RNAI P(Perkins et al.)attP2

CG9394 RNAI P(Perkins et al.)attP40

UAS-FASN1 w[1118]; P{UAS-FASN1.G}
UAS-FASN2 w[1118]; P{UAS-FASN2.G}
UAS-Desat1 w[1118]; P{w[+mC]=UAS-Desat1.S}16
UAS-fat-2 w[1118]; P{w[+mC]=UAS-Cefat-2.S}3
UAS-Trpy-AB w[1118]; P{UAS-Trpy.AB}attP1
UAS-Trpy-D w[1118]; P{UAS-Trpy.D}attP1

Trpy[1] w[1118]; TKTI}Trpy1

UAS-mCD8::GFP w[1118]; P{UAS-mCD8::GFP}

2.3 Generation of fly lines

2.3.1 Generation of OSR1 and OSR2 transgenic flies

Human OSR1 transcript variant 1 and OSR2 transcript variant 1 cDNA were
purchased from Origene: OSR1: CAT#RC206666, OSR2: CAT#RC204502.
Constructs were cloned into pUAST attB (Figure 2.1). Transgenic fly lines were
generated by phiC31-integrase-mediated, site-directed insertion into the attp2
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locus (Markstein et al., 2008). The phiC31 integrase was removed by crossing
transgenic males to w1118 females for two successive generations. Integration
into the attp2 landing site was verified by PCR using primers SOL179
(ACTGAAATCTGCCAAGAAGTA), a primer specific for the pUAST attB vector,
and a reverse primer in the OSR1 sequence
(CAGATGTCACAGGTGTAGGGCCG) or OSR2 sequence
(CGTTTTGGAGGGCAACCTTCC).

SVA40 PA terminator PUAST OSR1 5xHA
9449 bp

custom MCS.

SV40 PA terminator — PUAST OSR2 AM
9499 bp

Kozak sequence

YA
siceis

Figure 2.1 Plasmid maps for UAS-OSR1 and UAS-OSR2.

2.3.2 Generation of Fad2 flies

The pUAST-Fad2 vector (UFO08718) was purchased from Drosophila Genomics
Resource Center (DGRC Stock 1642876;
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https://dgrc.bio.indiana.edu//stock/1642876; RRID:DGRC_1642876) (Figure
2.2). UAS-Fad2 flies were generated using the phiC31-integrase-mediated, site-
directed insertion into the attp2 locus (Markstein et al., 2008). The phiC31
integrase was removed by crossing transgenic males to w1118 females for two
successive generations. Integration into the attp2 landing site was verified by
PCR using primers SOL179 (ACTGAAATCTGCCAAGAAGTA), a primer specific
for the pUAST attB vector and a reverse primer in the Fad2 sequence
(GTGGTCTTCCGATTGCTTAGC).
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5x ungpr
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10,071 bp
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Figure 2.2. Plasmid map for UAS-Fad2.

2.4 Drosophila behavioural and lifespan assays

2.4.1 Lifespan assays

Flies were reared at a standard density in 200 mL bottles on SYA medium at
25°C. the parental generation was allowed to lay for 24 hr on grape-agar plates
supplemented with yeast paste (Saf-Levure). Eggs were washed briefly in 1X
PBS (pH 7.4) before being dispensed into bottles using a pipette at a standard
density (20 uL of eggs in PBS, approximately 300 eggs). Two days post-eclosion
flies were allocated to experimental vials at a density of 15 flies per vial (total of
150 flies per condition) containing SYA medium with or without 200 yM RU486.

Deaths were scored, and flies tipped onto fresh food three times a week. All
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lifespans were performed at 25°C, on mated females unless otherwise stated.
Data are presented as survival curves and comparison between groups was

performed using a log-rank test.

2.4.2 Activity and sleep analysis

Two-day-old mated female flies (N=32) developed and eclosed under 12 hr:12 hr
light:dark cycle conditions (12L:12D) were fed with food containing either 200 yM
RU486 or ethanol vehicle. After transferring into tubes, locomotor activity and
sleep behaviour were recorded in 12L:12D using the Drosophila Activity Monitor
(DAM, TriKinetics Inc, MA) system within the experimental incubator (Percival),
set at 25°C and 65% humidity. Fly activity is measured by infra-red beam crosses
in the DAM tube. After 24 hours of acclimatisation, data were acquired from a 24
hr period (beginning at the onset of lights-on). A custom Microsoft Excel workbook
(Chen et al., 2019) was used to calculate total activity counts per fly in the day
and night periods, and to calculate sleep (continuous periods of fly inactivity
lasting 5 min or longer). Flies with more than 12 hr of continuous inactivity at the

end of the experiment were excluded as potentially dead.

2.4.3 Assessment of Drosophila feeding

Two-day-old mated female flies were transferred to SYA food containing 200 uM
RU486 or ethanol vehicle control with PUFAs, at a density of 5 per vial on the
evening before the assay. Vials were coded and placed in a randomised order in
rows on viewing racks at 25°C overnight. A feeding event was scored when a fly
had its proboscis extended and touching the food surface while performing a
bobbing motion. At the end of the assay, the vial labels were decoded, and the
feeding data expressed as a proportion by experimental group (sum of scored
feeding events divided by total number of feeding opportunities, where total
number of feeding opportunities=number of flies in vialxnumber of vials in the
groupxnumber of observations) (Wong et al., 2009). For statistical analyses,
comparisons between experimental groups were made on the totals of feeding
events by all flies within a vial, to avoid pseudoreplication.
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2.4.4 Cold stress recovery assay

Two days post-eclosion flies were allocated to experimental vials at a density of
15 flies per vial containing SYA medium with or without 200 yM RU486. Three
vials were used per condition. After seven days, Drosophila were exposed to 4°C
for 18 hours. Afterwards the vials were kept at room temperature for one hour.
The number of flies exhibiting a full recovery (walking), partial recovery (partial
paralysis) or death were recorded and expressed as a percentage of total per

vial.

2.5 Drosophila eye phenotyping

Females carrying UAS-FIyORF, UAS-bowl! or UAS-odd constructs were crossed
to the male GMR-GAL4 or GMR-GAL4; UAS-(G4C>)36 driver lines. The progeny
was allowed to develop and eclose at 25°C. Adult female eyes were
photographed two days after emergence, using a digital camera mounted to the
eyepiece of a dissecting microscope. All images were obtained under the same
magnification with eye area calculated from each image using ImageJ
(Schneider, Rasband and Eliceiri, 2012).

2.6 SCope database images

Images from the SCope database (Davie et al, 2018)
(https://scope.aertslab.org/) were obtained using the following settings:
Drosophila, Brain, Aerts_Fly AdultBrain_Filtered_57k, Log transform ‘on’, CPM
normalize ‘on’, Expression-based plotting ‘on’, and default values for all other
settings.
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2.7 Multiple sequence alignment

Multiple protein sequence alignments were performed using Clustal Omega
https://www.ebi.ac.uk/Tools/msa/clustalo/. Drosophila odd (UniProt ID P23803),
bowl (UniProt ID Q9VQU9), mouse Osr1 (UniProt ID Q9WVG7), Osr2a (UniProt
ID Q91ZD1), and human OSR1 (UniProt ID Q8TAX0), OSR2A (UniProt ID
Q8N2R0) were compared.

2.8 RNA extraction

Adult female flies were induced on SYA medium containing 200 uM RU486 or
ethanol vehicle control, and subsequently snap frozen. 15 heads were placed in
cold 2 mL screw cap tubes (Sarstedt) containing 425-600 um acid-washed glass
beads (Merck). 1 mL of cold TRIzol reagent (GIBCO) was added to each tube
and samples were ribolysed at maximum speed for 30 seconds. Chloroform (200
ML) was added to each tube before vortexing for 15 seconds. Samples were then
centrifuged at full speed for 5 minutes, and the upper colourless phase was
collected to a new tube. Samples were incubated with isopropanol (500 uL) for
15 minutes at room temperature, followed by a 15 minute centrifugation at 4°C.
The RNA pellet was washed three times with 70% ethanol before resuspending
in 40 pL nuclease-free H-O (Ambion).

2.9 cDNA synthesis and qRT-PCR

Total RNA was extracted from 15 heads per sample as above. Approximately 1
pg of RNA per sample (10.6 uL) was incubated with 2 yL TURBO DNase (Thermo
Fisher Scientific), in 1.4 yL TURBO DNase buffer (Thermo Fisher Scientific) at
37°C for 15 minutes. Following this, the reaction was inhibited with addition of 2
ul EDTA to a final concentration of 3.4 mM, followed by incubation at 75°C for 5
minutes. 2 uL 0.5 pg/ pL oligo dT and 2 yL ANTP mix (10 mM stock made from
individual 100 mM dNTP stocks, Invitrogen) were added to each sample followed
by a 5 minute incubation at 65°C, after which, samples were placed on ice. To

each reaction, the following was added: 8 yL 5X first-strand buffer, 8 yL 25 mM
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MgCl2, 4 yL 0.1 M DTT, 2 yL RNaseOut RNase inhibitor (40 units/ul), 1 pl
SuperScript |l reverse transcriptase (Invitrogen) was added. All reagents part of
the Thermo Fisher Superscript Il kit. Samples were incubated at 42°C for 50
minutes, then heat inactivated at 70°C for 15 minutes. Quantitative PCR was
performed using the QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems) using SYBR® Green master mix (Applied Biosystems). Values were
obtained using the relative standard curve method, cDNA was diluted 1/10 and
compared to a relative standard curve of pooled cDNA from all tested samples
(standard curve ranged from 1/1 dilution of pooled cDNA to 1/256, diluting serially
in half), nuclease-free H20 alone was used as a blank sample. Relative mRNA
levels were normalised to alpha-tubulin and then expressed as a fold change

compared to controls. Primers used are shown in the table below.

Table 2.2. Primer sequences

Primer name Sequence

bowl_for: CTGAGGGATCACAGGTATATTC
bowl_rev: GGATCTTGTGGACAGCCAAGG
odd_for: TCCTCTTCAGCAAAGTCTTCTTC
odd_rev: ATGTCTTCGGCCTCA

OSR1_for: CGACGTGACCAAGCTGTCTCC
OSR1_rev: CAGATGTCACAGGTGTAGGGCCG
OSR2_for: GACTTTGCCAATTTGGCGGTG
OSR2_rev: CGTTTTGGAGGGCAACCTTCC
Tub84B_for: TGGGCCCGTCTGGACCACAA
Tub84B_rev: TCGCCGTCACCGGAGTCCAT
AcCoAS_for: GAGCCACTTCAGTGATTTTCG
AcCOoAS _rev: ACTTCATGAGGGCACGAATC
FASN1_for: GCTTGCTCCAGTTCTCTGTA
FASN1_rev: GTATCCATTGCCAGACTCAT
Desat1_for: CCGGAGTGCTCTTCGAGTG
Desat1_rev: CAGCCAGATGGAGGTAACCG
Trpy_for AAAACGTCACCTTTCACAGCG
Trpy_rev GCGACTGAACGCACTCATCA
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Trpy-D_for CCCACACAACTACACGAATA
Trpy-D_rev CAACATATTGTTGCTGCTCC

2.10 Drosophila RNA sequencing

For sequencing total RNA was extracted as above (2.8). RNA was depleted of
ribosomal RNA and libraries were generated at the Max Planck Genome Centre
Cologne (Germany) for RNA-sequencing experiment 1 or UCL Genomics for
RNA-sequencing experiment 2. Experiments were performed in quadruplicate.
RNA sequencing experiment 1 was performed with an lllumina Hi-Seq2500, 35
million single-end reads/sample and 100 bp read length. Raw sequence reads
were quality-timmed using Trim-Galore! (v2.0.14) against the Dm6 reference
genome. Multi-mapped reads were filtered using SAMtools (Li et al., 2009).
Differential expression analysis was performed with DESeqg2 (Love, Huber and
Anders, 2014) controlling for false discovery rate using the Benjamini-Hochberg
method. RNA sequencing experiment 2 was performed with an Illumina
NextSeq2000 and 16 million paired-end reads/sample and 100 bp read length at
UCL Genomics. Raw sequence reads were aligned to the Dm6 reference
genome. DESeq2 (default parameters) was used to perform differential
expression analysis. The “runTest” function from topGO package (v2.53.0, Alexa
and Rahnenfuhrer, 2009) was used to perform GO enrichment analysis on
differentially expressed genes (|log2FoldChange| > 0.58). The “weight01”
algorithm and “fisher” statistic were used when running topGO. The "GenTable"
function was used to generate a table with the top biological process GO terms.
Plots with top GO terms were plotted using ggplot2 (v3.4.2). We generated a
heatmap for top GO terms showing the percentage of significantly differentially
expressed genes among all genes of a GO term expressed in a dataset using the

pheatmap function from pheatmap package (v1.0.12, https://CRAN.R-

project.org/package=pheatmap). Volcano plots of differentially expressed genes

were plotted using VolcaNoseR (https://huygens.science.uva.nl/\VVolcaNoseR/)

for Figure 3.17 and Figure 4.3. Volcano plots of differentially expressed genes
were plotted using ggVolcanoR (https://ggvolcanor.erc.monash.edu/) for Figure
5.1.
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2.11 Re-analyses of RNA sequencing datasets

2.11.1 Odd-skipped target gene expression in rat primary neurons
overexpressing OSR1 or OSR2

RNA-sequencing was performed on rat primary cortical neurons overexpressing
either OSR1 or OSRZ2. Primary rat cortical neurons were transduced with OSR1
or OSR2 lentivirus 6 days after plating, and RNA was collected 6 days later (DIV
12). RNA libraries were prepared for sequencing with KAPA mRNA HyperPrep
kit. RNA-sequencing (Next Seq 2000) was carried out at a depth of 20 million
reads by UCL Genomics. Differential expression analyses was carried out by
UCL Genomics. Raw sequence reads were aligned to the rn6 reference genome.
DESeq2 (default parameters) was used to perform differential expression
analysis. Differentially expressed genes were plotted using VolcaNoseR.
Gridlines were set to -Log10(p-value) = 1.3 on the y-axis, equivalent to adjusted
p-value <0.05 and Log2(Fold change) = 0.5 on the x-axis.

2.11.2 TRPC4 and TRPCS5 expression in C9orf72 iPSC motor neurons

Published Fragments Per Kilobase of transcript per Million mapped reads (FPKM)
values for TRPC4 and TRPCS5 were plotted from transcriptomic datasets of
C9orf72 iPSC motor neurons versus controls at day in vitro 21 (DIV 21) (Sommer
et al., 2022; Mehta et al., 2021; Selvaraj et al., 2018).

2.11.3 TRPC1, TRPC4 and TRPCS5 expression in C90rf72 ALS frontal cortex

excitatory neurons

Differentially expressed genes from a published single cell RNA sequencing
dataset of C9orf72 ALS post-mortem frontal cortex excitatory neurons (Li et al.,
2023) were plotted using VolcaNoseR. Gridlines were set to -Log10(p-value) =
1.3 on the y-axis, equivalent to adjusted p-value <0.05 and Log2(Fold change) =

0.3 on the x-axis.
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2.11.4 Fatty acid synthesis and desaturation gene expression in ALS post-

mortem cervical spinal cord

Differentially expressed genes from a published bulk RNA sequencing dataset of
ALS post-mortem cervical spinal cord of 149 patients with ALS (101 sporadic, 39
C9orfr2, 4 SOD1, 2 FUS, 2 ANG, 1 OPTN) and 40 non-neurological disease
controls from the New York Genome Center ALS Consortium published in
(Humphrey et al., 2023) were plotted using ggVolcanoR. Gridlines were set to -
Log10(p-value) = 1.3 on the y-axis, equivalent to adjusted p-value <0.05 and

Log2(Fold change) = 0.2 on the x-axis.

2.12 Drosophila head protein preparation

Flies were set up as described for lifespan assays at a standard density, and
allowed to mate for 48 hours, before being split onto control food or food
supplemented with RU486 for 7 days. Following this, flies were snap frozen in
liquid nitrogen. Heads were removed, and 10 heads per sample were
homogenised in 100 pL 2% SDS buffer (Cat No. 428018, Merck) containing 1X
RIPA buffer (Cat No. R0278, Sigma-Aldrich) and complete mini EDTA-free
protease inhibitor cocktail (Cat No. 11836170001, Roche) at room temperature
for about 30 seconds until the heads were no longer intact. Samples were then
heated at 95°C for 10 minutes. After centrifugation at 14,000 rpm for 20 minutes
at room temperature, the supernatants were collected in the new tubes. The
protein concentration was determined using Pierce BCA Protein Assay Kit (Cat
No. 23325, ThermoFisher) according to the manufacturer's manual. Samples
were diluted to 1 mg/mL with homogenisation buffer.

2.13 Immunoblotting

To each sample, Pierce™ LDS Sample Buffer (4X) (Cat No. 84788,
ThermoFisher) with 100 mM DTT was added, and samples vortexed, and briefly
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centrifuged before being boiled at 95°C for 10 minutes. 10 yL of sample was
loaded per well in a 15 well 4-12% Novex Bis-Tris gel (Invitrogen). Protein was
transferred to a PVDF (Millipore) membrane using the Trans-Blot Turbo transfer
system (BioRad). Membrane was blocked for 1 hour at room temperature in 5%
milk (Sigma) in TBS-Tween-20 (0.1%) before incubating with primary antibodies
diluted in 0.1% TBST at 4°C overnight. Primary antibodies used were anti-GP
1:3000 (custom generated by Adrian Isaacs lab), anti-actin 1:10000 (Abcam,
ab1801), anti-GFP 1:10000 (Merck, 11814460001). Secondaries used were anti-
rabbit and anti-mouse (Abcam ab6789 and ab6721) at 1:10000 dilutions for 1
hour at room temperature. Bands were visualized with Luminata Crescendo
(Millipore) and imaged with ImageQuant LAS4000 (GE Healthcare Life
Sciences). Quantification was carried out with ImageQuant software or ImageJ.

2.14 i3Neuron protein preparation

i3Neuron replicates for DPR MSDs were collected alongside those used for
lipidomic analyses from the same neuronal inductions. One well of a 6-well plate
was used per replicate for MSD. At DIV 21, neurons were lifted with PBS,
centrifuged and pelleted at 1500 x g for 5-10 minutes, snap frozen on dry ice, and
stored at -80°C until use. For protein preparation, cell pellets were resuspended
in 200 pL 2% SDS buffer (Cat No. 428018, Merck) containing 1X RIPA buffer
(Cat No. R0278, Sigma-Aldrich) and cOmplete mini EDTA-free protease inhibitor
cocktail (Cat No. 11836170001, Roche) and sonicated 2 x 10 seconds at 30 A at
4°C. Sonicated samples were centrifuged at 17,000g for 20min at 16°C, after

which supernatants were collected and used in MSD assays.

2.15 DPR MSD immunoassays

Meso Scale Discovery (MSD) immunoassay was performed in singleplex using
96-well SECTOR plates (MSD, Rockville, Maryland) to quantify poly(GR),
poly(GP) and poly(GA) expression levels. The assays were performed as
previously described (Simone etal, 2018). Plates were coated with unlabelled
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capture antibody, anti-poly(GR) (GR660, 2 pg/mL, custom-made from
Eurogentec), anti-poly(GP) (GP658, 2 ug/mL, custom-made from Eurogentec) or
anti-poly(GA) (clone 5E9, AB_2728663; 1 ug/mL, Merck Millipore). After blocking,
samples were loaded at 22.5 pg of protein per well. Biotinylated detector
antibodies anti-poly(GR) (GR660, 1 pg/mL), anti-poly(GP) (GP658, 1 ug/mL) and
anti-poly(GA) ((GA5F2, 1 ug/mL) kindly provided by Prof. Dr Edbauer), were
used, followed by sulfo-tagged streptavidin (Meso Scale Discovery, R32AD).
Plates were read with the MSD reading buffer (Meso Scale Discovery, R92TC)
using the MSD Sector Imager 2400. Signals correspond to intensity of emitted
light upon electrochemical stimulation of the assay plate. Prior to analysis, the
average reading from a calibrator containing no peptide was subtracted from
each reading. A four-parameter logistic regression curve was fit to the values
obtained from a standard curve using GraphPad Prism, and concentrations were
interpolated.

2.16 Triglyceride (TG) content quantification

For triglyceride content quantification, ten fly heads were homogenized in 0.05%
Tween20. 6 biological replicates were used per condition. TG content was
quantified using the Triglyceride Infinity Reagent (ThermoScientific) using
Glycerol standards (Sigma). Protein content was determined using the Pierce
BCA protein assay kit (Cat No. 23325, ThermoFisher). Student’s t test (Excel)
was used to assess statistical difference between two conditions.

2.17 LC-MS/MS lipidomics of Drosophila heads

LC-MS/MS lipidomics was performed by Dr Bebiana da Costa Sousa and Dr
Andrea Lopez, Babraham Institute, as previously described (Sousa et al., 2023).
20 mg of Drosophila head tissue (approximately 200 heads) was subjected to
Folch extraction for analysis of phospholipids, neutral lipids and free fatty acids
analysis. 20 mg of Drosophila head tissue was subjected to Folch-butanol
extraction for the analysis of each of lysolipids, phosphatidylinositol phosphate
and sphingolipids. After extraction and before analysis, the lipid mixtures were
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resuspended in either 50 pyL of chloroform:methanol (1:1) for the lipid species
extracted using the Folch method or acidified methanol for those extracted using
the Folch-butanol method. A mixture of 2-propanol:ethyl acetate (570 uL, 8:2 v/v)
was added to 20 mg of Drosophila head tissue spiked with 10 yL of internal
standard for quantitation of ceramide molecular species. Isolated lipids were
analysed by LC-MS/MS using an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific) with both positive and negative electrospray ionization. Lysolipid
and ceramide species were detected using a QTRAP 6500 mass spectrometer.
Lipid species were normalized to synthetic standards to quantify their absolute

abundance.

2.18 (G4C2)9e2 or (G4C2)2 lentiviral construct subcloning

pCDH-EF1-MCS-IRES-copGFP lentiviral plasmid (System Biosciences) was
used as the backbone to create (G4Cz)o2 and (G4C2)2 lentiviral constructs. This
subcloning was undertaken in a two-step process. First, we synthesized a DNA
fragment consisting of a custom multiple cloning site (MCS) sandwiched in
between 300 bp each of upstream and downstream sequence from C9orf72
intron 1 and then inserted it into the internal MCS of pCDH-EF1-MCS-IRES-
copGFP with InFusion cloning (Takara Bio) in between Xbal and Notl restriction
sites. This interim construct, termed “pCDH-EF1-C9up-MCS-C9down-IRES-
copGFP” was verified with diagnostic restriction digests and Sanger sequencing
across the insert. Then, to create the (G4C2)92 construct, a 92-repeat sequence
was isolated from a previously verified in-house construct with Nhel and Notl
restriction digests and subcloned into the MCS of pCDH-EF1-COup-MCS-
C9down-IRES-copGFP with overnight ligation at 4°C (T4 ligase, NEB). To
maintain repeat stability, bacterial clones were grown at room temperature, in 0.5
mg/mL ampicillin in low-salt LB broth (Sigma). A repeat-stable clone was selected
and subsequently maxi-prepped (Qiagen) for use in lentiviral production. Thus,
the final construct consisted of 92 repeats immediately surrounded on either side
by 300 bp of endogenous C9orf72 intronic sequence to facilitate RAN translation
and upstream of an IRES-copGFP sequence for fluorescent visualization of

transduction efficiency. To create the (G4C:)2 control lentiviral constructs, two
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complementary short oligos were synthesized containing 2 G4C:> repeats and
Nhel and Notl restriction site overhangs. Oligos were resuspended in annealing
buffer (NEB buffer 2.1), heated to 95°C, and allowed to cool slowly to room
temperature to anneal. Annealed oligos were used directly in ligation reactions
into pCDH-EF1-C9up-MCS-C9down-IRES-copGFP with the same protocol as
used for the 92-repeat construct.

2.19 Lentiviral production

HEK293T cells were grown at 37°C and 5% CO: in T175 flasks. At ~70%
confluency, cells were transfected with either (G4C2)92 and (G4C2). lentiviral
transfer plasmids along with PAX (Addgene #12260) and VSV-G (Addgene
#12259) lentiviral packaging plasmids with Lipofectamine 3000 Transfection
Reagent (Invitrogen) with manufacturer protocol. 48 hours later, media was
collected, centrifuged at 500 x g for 10 minutes at 4°C to remove cell debris, after
which Lenti-X Concentrator (Takara Bio) was added at a 1:3 ratio. After a
minimum incubation of 24 hours at 4°C, lentiviral mix was centrifuged at 1500 x
g at 4°C for 45 minutes and resulting concentrated lentivirus was resuspended in
sterile PBS, aliquoted, and stored at -80°C until use.

2.20 i3Neuron differentiation

iPSC donor information is provided in Table 2.3. i3 iPSCs were generated via
expression of a piggyBac-integrated doxycycline-inducible Neurogenin 2 (Ngn2)
transcription factor. This allows for rapid differentiation into cortical neurons
(i3Neurons) using a method previously described (Fernandopulle et al., 2018).
Briefly, i3 iPSCs were grown to 70-80% confluency. On DIV 0 of neuronal
induction, cells were washed with PBS and lifted with Accutase (Gibco). Cells
were plated at 375,000 cells/well of a 6-well plate onto Geltrex-coated plates.
Cells were maintained in DMEM-F12 (Gibco) containing 1x N2 (Thermo Fisher
Scientific), 1x Glutamax (Gibco), 1x HEPES (Gibco), 1x Non-essential amino
acids (Gibco), doxycycline (2 pg/mL) and 10 yM Y-27632 (DIV 0 only; Tocris).
Media was changed every day for 3 days. On DIV 3, neural progenitor cells were
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dissociated with accutase and replated onto poly-L-ornithine (Merck) or
polyethyleneimine and laminin-coated plates in neuronal maintenance media:
Neurobasal (Gibco), supplemented with 1x B27 (Gibco), 10 ng/mL BDNF
(PeproTech), 10 ng/mL NT-3 (PeproTech) and 1 pg/mL laminin. Neurons were
plated at 600,000 cells/well of a 6-well plate. From DIV 3 to DIV 21, cells were

maintained in neuronal maintenance media, with %3 media changes once weekly.

2.21 Lentiviral transduction and ASO treatment of i3 Neurons

Lentiviral transduction to overexpress (G4C:2)o2 or (G4Cz2)2 constructs and was
done 1 hour after DIV 3 replating. Likewise, antisense oligonucleotide (ASO)
treatments to target the C9orf72 sense strand or a non-targeting control were
also begun on DIV 3 and supplemented in media changes thereafter. In brief, 1
hour after replating, ASOs were transiently transfected using Lipofectamine Stem
(Invitrogen STEM00015) at 5 uM final concentration according to manufacturer’s
protocol. 1 day after ASO treatment, a full media change was done to remove
remaining Lipofectamine Stem and replaced with neuronal maintenance media
containing 5 yM ASO. From DIV 3 to DIV 21, cells were maintained in neuronal
maintenance media, with 3 media changes once weekly. ASOs were previously
published in (Lagier-Tourenne et al., 2013), and have fully modified
phosphorothioate backbones. C9 sense-targeting ASO (ISIS ID: 577061)
hybridizes to sequence within intron 1, upstream of the hexanucleotide
expansion, and thereby exclusively targets expansion-containing RNAs (Lagier-
Tourenne et al., 2013). Non-targeting ASO (CTRL ASO, ISIS ID: 141923), has

no targets in the human genome and was used as a transfection control.

ASO sequences are as follows, with the 5 base pairs on either end modified to 2'
O-Methyl RNA to enhance stability and reduce toxicity:

C9 sense-targeting: mMUmAMCmAMGGCTGCGGTTGMUmMUmMUmMCmC
Non-targeting: mCmCmUmUmCCCTGAAGGTTmCmCmUmCmC
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2.22 Targeted lipidomics of i3Neurons and post-mortem brain

samples

2.22.1 Sample collection

At DIV 21, i3Neurons were pelleted and stored at -80°C until analysis. Brains
were donated to the Queen Square Brain Bank (QSBB) (UCL Queen Square
Institute of Neurology) with full, informed consent. Clinical and demographic data
for all brains used in this study were stored electronically in compliance with the
1998 data protection act and are summarised in Table 2.4. Ethical approval for
the study was obtained from the NHS research ethics committee (NEC) and in
accordance with the human tissue authority’s (HTA’s) code of practice and
standards under license number 12198. All cases underwent a pathological
diagnosis for FTLD according to current consensus criteria (Mackenzie et al.,
2011; Cairns et al., 2007). The cohort included pathologically diagnosed cases of
FTLD without C9o0rf72 expansion (N=32), FTLD with C9orf72 expansion (N=15)
and neurologically normal controls (N=13). Frontal cortex grey matter was

dissected from each brain and stored at — 80°C until analysis.

2.22.2 Targeted lipidomic measurements

Comprehensive targeted lipidomics was accomplished using a flow-injection
assay based on lipid class separation by differential mobility spectroscopy and
selective multiple reaction monitoring (MRM) per lipid species (Lipidyzer platform;
SCIEX, Framingham, USA). A very detailed description of lipid extraction,
software and the quantitative nature of the approach can be found elsewhere
(Ghorasaini et al., 2021; Su et al., 2021; Ghorasaini et al., 2022). In short, after
the addition of >60 deuterated internal standards, lipids were extracted using
methyl tert-butyl ether. Organic extracts were combined and subsequently dried
under a gentle stream of nitrogen and reconstituted in running buffer. Lipids were
then analyzed using flow-injection in MRM mode employing a Shimadzu Nexera
series HPLC and a Sciex QTrap 5500 mass spectrometer. For the internal
calibration, deuterated IS lipids for each lipid class were used within the lipidomics

workflow manager. Each lipid species was corrected by the closest deuterated IS
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within its lipid class and afterwards the obtained area ratio was multiplied by the
concentration of the IS and further corrected for the volume and weight of the
sample.

2.22.3 Analyses of targeted lipidomic datasets

2.22.3.1 Filtering and normalizations

Raw amounts of individual lipid species were obtained from the Lipidyzer platform
as above and then imported into the Simple Omics Data Analysis (SODA)
platform (v0.6.5) for filtering and normalization. Datasets were first filtered for low-
abundance and undetected lipid species. To pass filtering, a lipid species must
be detected in at least 80% of all samples in the analysis as well as 60% of
samples in any given group and must also be at least 2-fold more abundant than
the average of the blanks. After filtering, missing sample values were imputed as
the median of other samples in their group; this step was found to be necessary
for subsequent normalizations, as missing values skew proportional datasets.
Next, filtered and imputed datasets were normalized by lipid class. Thus, these
processing steps result in proportional lipidomic measurements, relative to the
total amount of lipid within each class.

2.22.3.2 Fold-changes in lipid species in i3Neurons

For these analyses, “biological replicates” were considered as different i3Neuron
lines and “technical replicates” were individual cell pellets from those lines that
were grown, collected, and analysed separately. Technical replicates were
obtained across a minimum of two neuronal inductions (three for most
conditions). To attain fold-changes for i3Neurons, each technical replicate was
filtered and normalised individually. Fold-changes were then calculated for each
lipid species as the average amount across technical replicates in an induction

over the average in its internal control condition.

Table 2.3. iPSC donor information for lines used for lipidomic analyses
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iPSC Line Name | Sex | Clinical Number of Source of
(M/F) | diagnoses | G4C:repeats |iPSCs
Becker S6 (BS6) | F ALS/FTD ~750 Siddharthan
C9orf72 line 1 Chandran lab,
Edinburgh
2H9 (Isogenic F N/A ~2 Siddharthan
control of BS6) Repeat Chandran lab,
expansion Edinburgh
removed by
CRISPR-Cas9
D08 M N/A KOLF2.1J with | iNDI project
C9orf72 line 2 ~ 200 repeats | (Pantazis et al.,
knocked-in 2022; Ramos et
al., 2021)
FO5 M N/A KOLF2.1J with | iNDI project
C9orf72 line 3 ~ 200 repeats | (Pantazis et al.,
knocked-in 2022; Ramos et
al., 2021)
KOLF2.1J M N/A Parental line iNDI project

(Pantazis et al.,
2022; Ramos et
al., 2021)

Table 2.4. Clinical and demographic data for all brains used in lipidomic

analyses
QSBB | Age at | Age at | Sex | Pathological .
number or?set dgath (M/F) diagnosges Blutauogs
P16/14 | 66 71 M FTLD-TDPA | C9orf72
P23/15 | 59 65 M FTLD-TDPA | C9orf72
P17/17 | 64 73 M FTLD-TDPA | C9orf72
P76/05 |66 74 F FTLD-TDPA | C9orf72
P15/12 | 56 67 F FTLD-TDPA | C9orf72
P65/08 | 54 60 M FTLD-TDPA | C9orf72
P16/09 | 62 68 M FTLD-TDPA | C9orf72
C9orf72
P54/10 |43 45 M FTLD-TDPA homozygous
P70/10 |53 63 M FTLD-TDPA | C9orf72
P56/13 | 57 62 F FTLD-TDPA | C9orf72
P24/15 | 58 66 F FTLD-TDPA | C9orf72
P99/17 | 52 58 M FTLD-TDPA | C9orf72
P57/19 | 52 68 M FTLD-TDPB | C9orf72
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P69/19 |65 |72 |F | FTLD-TDPB | C9orf72
P53/04 |75 |79 |F__ | FTLD-TDPA |N/A
P41/05 |83 |87 |F | FTLD-TDPA |N/A
P56/07 |47 |53 |M | FTLD-TDPA | N/A
P65/10 |57 |62 |M | FTLD-TDPA | N/A
P75/15 |66 |72 |M | FTLD-TDPA | N/A
P16 |51 |61 |M | FTLD-TDPA |N/A
FTLD-TDP A
P59/17 |57 |60  |M | &MND- N/A
TDP43
P619 |61 |65 |F | FTLD-TDPA |N/A
P40/04 |58 | 668 |F | FTLD-TDPA | GRN C31fs/C90rf72
P89/05 |62 |68  |F | FTLD-TDPA | GRN Q130fs
P40/09 |53 |61 _ |M | FTLD-TDPA | GRN C31fs
P1713 |57 |63 |F | FTLD-TDPA | GRN C31fs
P17/14 |49 |55 |M | FTLD-TDPA | GRN C31fs
P60/15 |59 |70 |M__ | FTLD-TDPA | GRN R493X
P46/16 |57 |71 |M | FTLD-TDPA | GRN R493X
P76/19 |58 |70 _ |M | FTLD-TDPA | GRN R493X
Pa2/20 |57 |72 |F  |FTLD-TDPA | RN splice site
variant
P63/05 |58 |73 |F | FTLD-TDPC | N/A
P67/06 |59 |73 |F | FTLD-TDPC | N/A
P11/07 |64 |78 |M | FTLD-TDPC |N/A
P28/07 |64 |74 |M | FTLD-TDPC |N/A
P89/08 |50 |65 |M | FTLD-TDPC | N/A
P51/09 |61 |66 |M | FTLD-TDPC | N/A
P75 |44 |67 __|M__|FTLD-TDPC | N/A
Pa5/15 |77 |80 |F | FTLD-TDPC | N/A
P70/15 |58 |72 |F__ | FTLD-TDPC | N/A
P27/17 |73 |83 |M | FTLD-TDPC |N/A
P3717 |53 |71 |M__ | FTLD-TDPC | N/A
P18 |57 |72 |M__|FTLD-TDPC | N/A
P37/18 |70 |79 __|M__ | FTLD-TDPC | N/A
P76/18 |56 |65 |F | FTLD-TDPC | N/A
P40/19 |61 |75 |F__ | FTLD-TDPC |N/A
Pa2/21 |60 |69 |F | FTLD-TDPC |N/A
P78/06 68 F Control N/A
P29/17 71___|F__ | Control N/A
P26/11 73 |F__ | PathAgeing | N/A
PA7/11 79 |F__ | Control N/A
P21/00 70 |F__ | Control N/A
P45/04 78 |F__| Control N/A
P21/17 76 |M__| Control N/A
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P87/17 79 M Control N/A
P10/20 64 M Control N/A
P15/10 69 M Control N/A
P10/20 64 M Control N/A
P85/19 73 M Control N/A
P14/20 73 M Control N/A

2.23 Glutamate-induced excitotoxicity assays in iPSC-derived

motor neurons

2.23.1 Subcloning for BFP, fat-1 and fat-2 overexpression constructs

mTagBFP (Addgene #89685), fat-1 (Genscript), and fat-2 (Genscript) cDNAs
were amplified with PCR and subcloned into the pHR-hSyn-EGFP vector
(Addgene #114215) along with a T2A-NLS-mApple minigene for fluorescent
visualization. In brief, EGFP was removed with BamHI and Notl (NEB) and
BFP/fat-1/fat-2 and T2A-NLS-mApple fragments were inserted with InFusion
cloning (Takara Bio), as per manufacturer’s protocol. Resulting plasmids were
restriction digest and Sanger sequencing verified prior to being maxi-prepped
(Qiagen) for subsequent use in excitotoxicity assays.

2.23.2 Glutamate excitotoxicity assay

These experiments were performed by collaborator Dr Alyssa Coyne (Johns
Hopkins University School of Medicine). Non-neurological control and C9orf72
iPSCs were obtained from the Answer ALS repository at Cedars Sinai (see Table
2.5 for demographics) and maintained in mTeSR Plus medium at 37°C with 5%
CO.. iPSNs were differentiated according to the diMNs protocol (Baxi et al., 2022;
Coyne et al., 2021; Coyne et al., 2020) and maintained at 37°C with 5% CO..
iPSCs and iPSNs routinely tested negative for mycoplasma. On day 12 of
differentiation, iPSNs were dissociated with Trypsin. 5 x 10® iPSNs were
nucleofected with 4 pg plasmid DNA in suspension as previously described
(Coyne et al., 2021; Coyne et al., 2020). Following nucleofection, 100 pL of cell

suspension was plated in each well (total of 6 wells per cuvette) of a glass bottom
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or plastic 24 well plate for Pl and Alamar blue toxicity and viability experiments
respectively. Media was exchanged daily for a total of 20 days to facilitate the
removal of iPSNs that failed to recover post-nucleofection. On the day of the
experiment (day 32 of differentiation), iPSN media was replaced with artificial
CSF (ACSF) solution containing 10 uM glutamate. For those iPSNs undergoing
Alamar Blue viability assays (plastic dishes), Alamar blue reagent was
additionally added to each well according to manufacturer protocol at this time.
Following incubation, iPSNs for PI cell death assays were incubated with Pl and
NucBlue live ready probes for 30 minutes and subjected to confocal imaging as
previously described (Coyne et al., 2020). The number of Pl spots and nuclei
were automatically counted in FIJI. Alamar Blue cell viability plates were
processed according to manufacturer protocol. As a positive control, 10% Triton
X-100 was added to respective wells 1 hour prior to processing.

Table 2.5. iPSC donor information for lines used in glutamate-
excitotoxicity assay

iPSC Age at Sex | Clinical Source

Line Time of (M/F) | diagnosis

Name Collection

CS0201 56 F Non- Cedars-Sinai
neurologic
control

CS0002 | 51 M Non- Cedars-Sinai
neurologic
control

CS0206 |72 F Non- Cedars-Sinai
neurologic
control

CS9XH7 | 53 M Non- Cedars-Sinai
neurologic
control
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CS8PAA | 58 F Non- Cedars-Sinai
neurologic
control
CS1ATZ |60 M Non- Cedars-Sinai
neurologic
control
CSONKC | 52 F C9orf72 Cedars-Sinai
CSOLPK | 67 M C9orf72 Cedars-Sinai
CSO0BUU | 63 F C9orfr2 Cedars-Sinai
CS7VCZ |64 M C9orf72 Cedars-Sinai
CS6ZLD | Unknown |F C9orf72 Cedars-Sinai
CS8KT3 |60 M C9orfr2 Cedars-Sinai

2.24 List of Software used

Adobe lllustrator 2023 (Adobe), BioRender Scientific Image and lllustration
Software (https://www.biorender.com/), ImageQuant™ TL v10.2 analysis
software (Cytiva), GraphPad Prism v10.0.2 (171) (GraphPad software inc.),
Imaged v1.53 (National Institute of Health), Fiji v2.1.4, MSD discovery workbench
v4.0 (Meso scale Discovery), SnapGene Viewer v6.0.3 (Snapgene), Simple
Omics Data Analysis (SODA) software package v0.7, Clustal Omega (EMBL-

EBI) (https://www.ebi.ac.uk/Tools/msal/clustalo/), VolcaNoseR

(https://huygens.science.uva.nl/VolcaNoseR/), ggVolcanoR

(https://ggvolcanor.erc.monash.edu/), DRSC Integrative ortholog Prediction Tool
DIOPT Version 9.0, http://bicinformatics.sdstate.edu/go/), Simple Omics Data
Analysis (SODA) platform (v0.6.5).

2.25 Statistical Analysis

Statistical analyses were performed with Prism 10 (GraphPad Software).
Normality of data was tested using the D’Agostino-Pearson omnibus normality
test. When data were normally distributed, a Student’s t-test, one-way ANOVA,
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or two-way ANOVA was performed followed by Tukey, Sidak’s or Dunnett's
multiple comparisons test as appropriate. The statistical test used for each
experiment is indicated in the figure legends. For all data figures, the N values
can be found in the figure legends and correspond to the number of biological
repeats used in the analysis, n values correspond to the number of technical
repeats used in the analysis. Results were presented as mean * standard
deviation (S.D.) unless stated otherwise. Statistical differences were considered
significant at p<0.05. Lifespans were compared by log-rank tests, performed in
Microsoft Excel (template described in (Piper and Partridge, 2016)).
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Chapter 3: The Odd-skipped family of C2H;
transcription factors as modifiers of C9orf72

toxicity

3.1 Introduction

Our understanding of the mechanisms by which the C9orf72 mutation causes
toxicity has greatly advanced since 2011, however, the key downstream effector
pathways mediating neuronal loss are still unclear. Genetic modifier screens in
disease models of COALS/FTD can help reveal the important downstream
pathways leading to neurodegeneration as well as uncover novel protective
genes and pathways, thus enabling the development of much needed therapies
for these devastating diseases. Here, we used a Drosophila model of C9orf72
toxicity that inducibly expresses RNA from 36 GGGGCC repeats in adult neurons.
This construct undergoes RAN translation to generate DPRs, resulting in a
reduced lifespan compared to uninduced controls (Mizielinska et al., 2014).
Utilising this robust lifespan phenotype, an unbiased overexpression screen for
genetic modifiers of C9orf72-associated repeat toxicity was previously performed
in the lab (Niccoli et al., in preparation). Over 2000 single gene overexpression
lines from the FlyORF collection were screened for their effect on survival of C9
flies. Odd skipped (odd) and brother of odd with entrails limited (bowl), both of
which belong to the Odd-skipped family of C2H2 zinc-finger transcription factors,
were two of the 17 suppressors of shortened lifespan (Figure 3.1). In this chapter,
the role of the Odd-skipped family in suppressing C9orf72 toxicity was further
investigated.

Odd was first discovered in Drosophila in a genetic screen for mutants that alter
segmental patterning of larvae. Odd mutant embryos have defects in the odd-
numbered segments of the cuticle, hence its name and classification as a pair-
rule gene (NuUsslein-Volhard and Wieschaus, 1980). The Odd-skipped family has
four members in Drosophila: odd, bowl, drumstick (drm) and sister of odd and

bowl (sob) (Hart, Wang and Coulter, 1996). They play important roles during
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development, with Odd-skipped genes shown to function downstream of Notch
to promote leg segmentation (Hao et al., 2003; de Celis Ibeas and Bray, 2003).
Furthermore, bow/ and drm are required for patterning of the foregut and hindgut,
where the first zinc finger of Drm physically interacts with Lin, another
transcriptional regulator, to relieve repression of Bowl (Johansen et al., 2003;
Green et al., 2002; lwaki et al., 2001). This relief of repression role has also been
described in patterning of the embryonic epidermis and in the developing wing
(Nusinow, Greenberg and Hatini, 2008; Hatini et al., 2005). Regarding neuronal
functions, the Odd-skipped genes are required to activate hedgehog expression,
triggering retinogenesis in Drosophila (Bras-Pereira, Bessa and Casares, 2006).
Moreover, loss-of function, mis- and over-expression of odd affects neurite
branching and arborisation (Lynn et al., 2020). In the adult Drosophila brain, odd
is expressed in a subset of ‘odd’ neurons, the majority of which are cholinergic.
These odd neurons project dendrites into the mushroom body calyx and axons
into the optic lobe (Slater et al., 2015; Levy and Larsen, 2013).

Like the Drosophila Odd-skipped genes, OSR71 and OSRZ2 also play important
roles during development of various tissues and organs including heart, kidneys,
gonads, bone and palate (Kawai et al., 2007; Tena et al., 2007; Wang et al., 2005;
Lan et al, 2004). OSR1 and OSR2 are functionally redundant in mouse
development, with OSR17 gene substitution capable of compensating or rescuing
developmental defects of OSR2 mutants (Gao et al., 2011; Gao et al., 2009).
Additionally, OSR1 functions as a tumour suppressor, since its downregulation
promotes while its overexpression prevents cell proliferation in multiple cancer
cell lines (Wang et al., 2020; Wang et al., 2018; Chen et al., 2018; Zhang et al.,
2017; Otani et al., 2014).

The Odd-skipped family are C2H2 zinc finger proteins, with the C2H. (C-X2-C-
X12-H-X3-H) zinc finger motif conferring DNA-binding ability (Coulter et al.,
1990). The proteins vary in their number of zinc finger motifs, with Odd containing
four, Bowl and Sob containing five, and Drm containing two (Green et al., 2002;
Hart, Wang and Coulter, 1996; Coulter et al., 1990). This protein family is
evolutionarily conserved, with two mammalian homologs, OSR1 and OSR2 (Lan
et al.,, 2001; So and Danielian, 1999). OSR1 contains three zinc-finger motifs
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while OSR2 contains either three (OSR2B) or five (OSR2A), due to alternative
splicing leading to two distinct isoforms (Kawai et al., 2005; Katoh, 2002; So and
Danielian, 1999). Drosophila and mammalian Odd-skipped transcription factors
bind similar, specific DNA sequence motifs, GCTACTGTA and GCTGCTCT,
respectively, to influence target gene expression (Noyes et al., 2008; Kawai et
al., 2007; Meng, Brodsky and Wolfe, 2005).

The aims of the work described in this Chapter were:
1. To characterise the Odd-skipped family of transcription factors as
modifiers of C9 toxicity.
2. To identify potential downstream mediators of the beneficial effects on

survival.

Transgenic flies expressing Odd skipped-related 1 (OSR1) or Odd skipped-
related 2 (OSRZ2) were generated, to assess the functional conservation of the
rescue that has been seen with odd and bowl/ in the original Drosophila screen.
Both human OSR1 and OSR2, like Drosophila bowl and odd, were able to extend
survival of C9 Drosophila. To identify shared genes and pathways altered by
overexpressing these related transcription factors in the context of C9 repeats,
RNA-sequencing was performed. Gene ontology enrichment analysis did not
identify common pathways altered across all Odd-skipped gene rescues.
Therefore, prioritisation for target follow up was given to individual genes
commonly altered across Odd-skipped conditions and/or containing a conserved
Odd-skipped binding motif. Shortlisted genes of interest were assessed for their
effect on C9 survival and proved to have either no effect or small effects on
survival. Therefore, a combination of genes, rather than single genes, are likely
to be driving the rescues observed by the Odd-skipped family.
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3.2 Results

3.2.1 Bowl and odd are suppressors of C90rf72 repeat toxicity in Drosophila

An overexpression screen for genetic modifiers of C9orf72 repeat toxicity
previously performed in the lab identified two of four Drosophila Odd-skipped
family members as suppressors of the reduced lifespan of C9 flies (Niccoli et al.,
in preparation). Over 2000 single gene overexpression lines from the FlyORF
collection were assessed. Odd and bow/ were two of the 17 suppressors
identified (Figure 3.1).
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Figure 3.1. Genetic overexpression screen identifies bowl and odd as
suppressors of C9 toxicity.

A. Genetic modifier screen design. 2048 FlyORF overexpression lines were
crossed to (G4C2)s36; elavGS flies and progeny lifespans were assessed. 200 lines
were identified as modifiers of survival, and re-screened. The 58 lines that
showed replicate rescue were backcrossed to the w1118 strain. After
backcrossing, 17 FIyORF lines were identified as strong modifiers of toxicity, two
of which, odd-skipped and bowl, belong to the Odd-skipped family of transcription
factors. B. Survival curve indicating C9 lifespan (navy line), C9 lifespan extension
by genetic suppressor (pink line) and C9 uninduced control lifespan (green
broken line). Figure produced with BioRender.

3.2.2 Bowl and odd are expressed in neurons

The overexpression screen for genetic modifiers of C9orf72-associated toxicity
utilised the pan-neuronal driver elavGS, to express both (G4C2)3s repeats and the

candidate rescue genes. To assess whether odd and bow/ are normally
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expressed in neurons, we utilised a published single cell RNA-sequencing
dataset from adult Drosophila brains (Davie et al., 2018). Both bow/ and odd were
found to co-localise with elav-expressing (neuronal) cell populations rather than
repo-expressing (glial) cell populations (Figure 3.2). Bowl and odd are lowly
expressed in the Drosophila brain and expressed in a subset of neuronal cells.
Therefore, the pan-neuronal overexpression of odd and bowl is largely ectopic.

odd elav merge

bowl/ elav

3
¢

Figure 3.2. Bowl and odd are expressed in adult Drosophila brain, and
mostly localise to elav-expressing (neuronal) cell populations.
Images from SCope database (Davie et al., 2018).

3.2.3 Odd-skipped rescues are specific to C9 toxicity

To determine whether the survival rescues were attributable to a general
improvement in organismal health, or a more specific rescue of C9 toxicity, bow/
and odd were overexpressed in the neurons of wildtype flies. Survival was
compared to the uninduced sibling control for each condition. Lifespan of wildtype
flies was significantly reduced by both bow/ and odd overexpression, suggesting
that there was rescue of a disease-specific pathology (Figure 3.3). Median
survival of flies expressing the empty FIlyORF vector was 79 days compared to
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76.5 days for uninduced sibling controls, with no significant difference in survival
between induced and uninduced flies (p=0.106). Median survival of flies
expressing bow/ was 65 days compared to 72 days for uninduced sibling controls,
with a significant reduction in survival between bow/ induced and bow/ uninduced
flies (p=0.0002). Median survival of flies expressing odd was 67.5 days compared
to 76.5 days for uninduced sibling controls, with a significant reduction in survival
between odd induced and odd uninduced flies (p=9x10-°).

———empty FIyORF induced

— = empty FlyORF uninduced
———bowl induced

— = bowl uninduced

0.75 1
odd induced

odd uninduced

0.5 1

Survival

0.25 4

0 ‘I.O 2IO 3'0 4'0 5'0 6'0 7'0 8r0 Bb ; 1CI)D 1;0
Days
Figure 3.3. Lifespan of wild-type flies expressing bow/ or odd in neurons.
Lifespan was significantly reduced in flies expressing bow/ (p=0.0002, log-rank
test) and odd (p=9x10°, log-rank test), versus their respective uninduced sibling
controls. Empty FIyORF vector expression had no effect on survival (p=0.106,
log-rank test). N=86-150 flies per condition. Genotypes: elavGS/UAS-empty
FlyORF; elavGS/UAS-bowl; elavGS/UAS-odd.

3.2.4 Human orthologs of bow/ and odd, OSR1 and OSR2 also rescue C9
toxicity

To assess whether Odd-skipped rescues might be conserved, percent identity
matrices and multiple sequence alignments of the amino acid sequences of these
transcription factors were performed. Drosophila Odd (UniProt ID P23803), Bowl
(UniProt ID Q9VQU9), mouse Osr1 (UniProt ID Q9WVG7), Osr2a (UniProt ID
Q91ZD1), and human OSR1 (UniProt ID Q8TAXO0), OSR2A (UniProt ID Q8N2R0)
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amino acid sequences were aligned using Clustal Omega. The amino acid
sequences of these proteins are very similar (Table 1 and Figure 3.4), especially
in the zinc finger regions (Figure 3.4).

Table 3.1. Percent identity matrix of Odd-skipped protein sequences

odd bowl mOSR1 hOSR1 mOSR2 | hOSR2
odd 100.00 | 44.31 42.86 42.86 44.58 45.00
bowl 44 .31 100.00 | 42.21 41.80 51.19 51.19
mOSR1 | 42.86 42.21 100.00 | 97.74 67.95 68.34
hOSR1 | 42.86 41.80 97.74 100.00 | 67.18 67.57
mOSR2 | 44.58 51.19 67.95 67.18 100.00 | 98.08
hOSR2 | 45.00 51.19 68.34 67.57 98.08 100.00

1 2
ODD_DROME - -GVPSGATGSSRPKKQFICKYCNRQF TKSYNLLIHERTHIIDERPYSCDICGKAFRRQDH 262
BOWEL_DROME ——RLLRAPGRASRPKKQFICKFCNRQFTKSYNLLIHERTHﬁDERPYSCDICGKAFRRQDH 280
OSR2_HUMAN PDRKPSRGRLPSKTKKEFICKFCGRHFTKSYNLLIHERTHFDERPYTCDICHKAFRRQDH 214
OSR2_MOUSE PDRKPSRGRLPSKTKKEFICKFCGRHFTKSYNLLIHERTHFDERPYTCDICHKAFRRQDH 214
OSR1_HUMAN PEKKPTRGRLPSKTKKEFVCKFCGRHFTKSYNLLIHERTHTDERPYTCDICHKAFRRQDH 217
OSR1_MOUSE PEKKPTRGRLPSKTKKEFVCKFCGRHFTKSYNLL THERTHITDERPYTCDICHKAFRRQDH 217
Kook ek e okok ek ok skokokokokokokokokokokok Rk kokokokokok o kokokok dkokok ok Rk koK
3 4
ODD_DROME LRDHRYIHSKDKPFKCSDCGKGFCQSRTLAVHKVTHL EEGPHKCPICQRSFNQRANLKSH 322
BOWEL_DROME LRDHRYIHSKEKPIFKCTECGKGFCQSRTLAVHKILHMEESPHKCPVCSRSFNQRSNLKTH 340
OSR2_HUMAN LRDHRYIHSKEKPFKCQECGKGFCQSRTLAVHKTLHMQESPHKCPTCGRTFNQRSNLKTH 274
OSR2_MOUSE LRDHRYIHSKEKPFKCQECGKGFCQSRTLAVHKTLHMQESPHKCPTCGRTFNQRSNLKTH 274
OSR1_HUMAN LRDHRYIHSKEKPFKCQECGKGFCQSRTLAVHKTLHSQVKELKTSKIKC-~-~-~-------- 266
OSR1_MOUSE LRDHRYIHSKEKPFKCOQECGKGFCQSRTLAVHKTLHBQVKELKTSKIKC- -~ -----~--- 266
Sokokkokokokkokok « kokkokok o koRkokoRokkook Kook kR *
______ 5
ODD_DROME LQSHSEQSTKEVVVTT------ SPATSHSVPN---QAL---------------- SSPQPE 357
BOWEL_DROME LLTHTDHKPYECSSCGKVFRRNCDLRRHALTHAVGEVNSGDYVDVGEEDEARNLSGDEED 400
OSR2_HUMAN LLTHTDIKPYSCEQCGKVFRRNCDLRRHSLTHIPRQDF - - === ==--mmmmmm e oo o - 312
OSR2_MOUSE LLTHTDIKPYSCEQCGKVFRRNCDLRRHSLTHTPRQNF —————————————————————— 312
OSRI_HUMAN o mmmmm oo oo oo oo 266
OSRI_MOUSE =~ —mmmmmmmm oo oo oo 266

Figure 3.4. Amino acid conservation between Odd, Bowl and mammalian
OSR1 and OSR2.

Multiple sequence alignment of Odd, Bowl, OSR1 and OSR2 shows considerable
amino acid conservation, particularly among the zinc finger regions (dotted line
boxes). Bowl and OSR2 contain 5 zinc finger nucleases (ZFNs), Odd contains 4
ZFNs, OSR1 contains 3 ZFNs. Amino acid multiple sequence alignments were
generated with Clustal Omega.
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Given the high degree of amino acid conservation between Drosophila Odd and
Bowl and mammalian OSR1 and OSR2A, particularly in the zinc finger regions
(Figure 3.4), which are important for DNA binding ability, transgenic flies
expressing human OSR7 or OSR2A were generated. Dr Alex Cammack, a
postdoctoral fellow in the Isaacs lab, performed the cloning. Constructs were
inserted into the attP2 locus (3™ chromosome). These lines were backcrossed for
six generations to the w1118 strain. Stocks containing UAS-(G4C2)3s on the
second chromosome and one of either UAS-bowl/, UAS-odd, UAS-OSR1 or UAS-
OSR2 on the third chromosome were generated. These flies were then crossed
to the pan-neuronal RU486-inducible elavGS driver line for experiments, unless
otherwise stated. To confirm transgene expression, qPCR was performed on
heads from female progeny crossed to the elavGS driver, 48 hours after induction
with RU486. Overexpression of all transgenes was achieved when induced with
RU486 compared to respective uninduced controls (Figure 3.5).
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Figure 3.5. Confirmation of transgene overexpression.

A. Bowl mRNA levels measured by qPCR, relative to tubulin in C9 expressing
flies (+RU) and uninduced controls (-RU). B. Odd mRNA levels measured by
gPCR, relative to tubulin in C9 expressing flies (+RU) and uninduced controls (-
RU). C. OSR71 mRNA levels measured by gPCR, relative to tubulin in C9
expressing flies (+RU) and uninduced controls (-RU). B. OSR2 mRNA levels
measured by qPCR, relative to tubulin in C9 expressing flies (+RU) and
uninduced controls (-RU). **p<0.01, ****p<0.0001 by unpaired t-test. N=2-3
biological replicates, containing 15 fly heads per replicate. Genotypes: UAS-
(G4C2)36, elavGS; UAS-(G4C3)s6, elavGS/UAS-bowl; UAS-(G4C2)36, elavGS/UAS-
odd; UAS-(G4C2)s36, elavGS/UAS-OSR1; UAS-(G4C3)36, elavGS/UAS-OSR2.

To assess whether human OSR1 or OSR2 expression could also reduce C9
toxicity in Drosophila, survival experiments were performed in parallel with odd
and bowl, with a shared control expressing only (G4C2)3zs. Human OSR7 and

OSR2 significantly extended survival of C9 Drosophila, as did odd and bow/

81



(Figure 3.6). However, the extent of survival benefit varied between the Odd-
skipped family genes, despite similar levels of overexpression (Figure 3.5).
Percentage increases in median survival compared to (G4C2)zs; elavGS alone
(median 12 days), were 95% (bowl, median 23.5 days), 541% (odd, median 77
days), 75% (OSR1, median 21 days), 316% (OSR2, median 50 days) (Figure
3.6).

—(G4C2)36

—(G4C2)36; bowl OF
(G4C2)36; odd OE
(G4C2)36; OSR1 O

(G4C2)36; OSR2 OE
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Survival
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Figure 3.6. Lifespan of (G4C2)3s expressing flies with and without Odd-
skipped gene co-expression.

Lifespan of (G4C2)s3s flies was significantly extended by co-expression of bowl/ (p=
2.3x1024) odd (p=4.6x10°"), OSR1 (p=2x107"%), and OSR2 (p=1.5x10-%9), all log-
rank test. N=150 flies per condition. Genotypes: UAS-(G4C3)s3s, elavGS; UAS-
(G4C2)ss, elavGS/UAS-bowl; UAS-(G4C:2)ss, elavGS/UAS-odd; UAS-(G4C3)ss,
elavGS/UAS-OSR1; UAS-(G4C3)s36, elavGS/UAS-OSR2.

3.2.5 Odd-skipped genes have divergent effects on DPRs - odd and OSR2
reduce DPR levels, while bowl and OSR1 do not

To determine whether the substantial differences in the magnitude of survival
extension might be explained by varying effects on DPR levels, western blots for
poly(GP) and MSD immunoassays for poly(GR) were performed. Odd, but not
bowl, overexpression led to a decrease in poly(GP) as measured by western blot
(Figure 3.7 A and E), potentially explaining the greater rescue by odd compared
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to bowl overexpression. Similarly, OSR2, but not OSR17 led to a reduction in
poly(GP) (Figure 3.7 B and F), again consistent with the relative magnitude of
their rescues of lifespan. Instead of the expected size band, a fainter low
molecular weight band was detected in both the odd and OSRZ2 conditions, but
not in the bow/ or OSR1 conditions (Figure 3.7 C-E). Furthermore, odd but not
bowl also reduced levels of poly(GR) as quantified by MSD immunoassay (Figure
3.7 G). Similarly, OSR2 but not OSR1 decreased levels of poly(GR), albeit non-
significantly (Figure 3.7 H). Therefore, differences in the magnitude of survival
extension correlated with differential effects on DPR levels — odd and OSR2
overexpression produced greater survival extensions than bow/ or OSR1, and
odd and OSR2 decreased DPR levels, whereas bow/ and OSR1 did not.
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Figure 3.7. Odd-skipped family genes have different effects on DPR levels.
A. GP levels in C9 fly heads with or without bow/ or odd co-expression. N=3-4
biological replicates, containing 10 fly heads per replicate. One way ANOVA with
Tukey’s multiple comparison test. B. GP levels in C9 fly heads with or without
OSR1 or OSR2 co-expression. N=4 biological replicates, containing 10 fly heads
per replicate. One way ANOVA with Tukey’s multiple comparison test. C. Low
molecular weight GP quantification in C9 fly heads with or without bow/ or odd
co-expression. N=3-4 biological replicates, containing 10 fly heads per replicate.
One way ANOVA with Tukey’s multiple comparison test. D. Low molecular weight
GP quantification in C9 fly heads with or without OSR7 or OSR2 co-expression.
N=4 biological replicates, containing 10 fly heads per replicate. One way ANOVA
with Tukey’s multiple comparison test. E. Western blot for GP levels in C9 fly
heads with or without bow/ or odd co-expression, as quantified in A and C. F.
Western blot for GP levels in C9 fly heads with or without OSR7 or OSR2 co-
expression, as quantified in B and D. G. GR levels in C9 fly heads with or without
bowl or odd co-expression. N=4 biological replicates, containing 10 fly heads per
replicate. One way ANOVA with Tukey’s multiple comparison test. H. GR levels
in C9 fly heads with or without OSR7 or OSR2 co-expression. N=4 biological
replicates, containing 10 fly heads per replicate. One way ANOVA with Tukey’s
multiple comparison test. Data is presented as mean + S.D. **p<0.01, ***p<0.001,
****p<0.0001. Genotypes: UAS-(G4Cz)36, elavGS; UAS-(G4C2)ss, elavGS/UAS-
bowl; UAS-(G4C2)36, elavGS/UAS-odd; UAS-(G4C3)3s, elavGS/UAS-OSR1; UAS-
(G4C2)36, elavGS/UAS-OSR2.

3.2.6 General translation efficiency is not affected by odd or bow/

A reduction in DPRs could be due to an indirect effect on the inducible expression
system, causing a general decrease in translation efficiency. To determine if this
was the case, the levels of GFP driven by the elavGS RU486 inducible driver,
were measured, with or without bow/ or odd co-expression. GFP levels were
unchanged by bowl or odd co-expression, confirming that general translation
efficiency was not altered by the Odd-skipped family (Figure 3.8).

85



>
w

ns
o [
S £ 10 5 1
0 ° %o
8 8
o o
'S 'S
o O 05
0.0 " Y
%é( Q\ob
& Cb,é‘
09@ &
K\ <&
0\’Z? 0@

- - mcd8-GFP mcd8-GFP

- | Actin Actin

Figure 3.8. General translation efficiency is not affected by expression of
odd or bowl.

A. mCD8-GFP levels in fly heads over-expressing mCD8-GFP and the FlyORF
empty vector or bow/ after 7 days of induction, p=0.3705 by unpaired t-test. B.
mCD8-GFP levels in fly heads over-expressing mCD8-GFP and the FIyORF
empty vector or odd after 7 days of induction, p=0.7284 by unpaired t-test. N=4
biological replicates, each containing 10 heads. Data is presented as mean +
S.D. Genotypes: UAS-mCD8GFP, elavGS/UAS-bowl, UAS-mCD8GFP,
elavGS/UAS-odd.

3.2.7 Odd-skipped family can extend survival of (GR)3¢ flies

A reduction in DPR levels could be due to specific effects on RAN translation of
DPRs or due to enhanced degradation of DPRs. To distinguish between these
possibilities, odd and bow/ were crossed to flies expressing a recodonised
construct, that allows AUG-initiated expression of poly(GR) alone without an
underlying GGGGCC repeat sequence capable of undergoing RAN translation.
Both odd and bow/ extended survival of flies expressing ATG-driven (GR)zs, with
percentage increases in median survival compared to (GR)36; elavGS alone
(median 15 days), of 6.6% (bowl, median 16 days) and 13% (odd, median 17
days) (Figure 3.9). However, the magnitude of the extensions was much less than

those observed when odd and bow! were overexpressed in (G4C2)zs pure repeat
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flies capable of undergoing RAN translation from the underlying GGGGCC
repetitive sequence. Therefore, rescue by odd and OSR2 may be in part due to
effects on RAN translation, while non-RAN translation effects, that have a more
modest suppression of toxicity, may account for the shared survival benefits by
odd, bowl, OSR1 and OSR2. This would provide an explanation as to why there
is only modest rescue of survival in the UAS-(GR)ss flies.

—(GR)36
—(GR)36; bowl OE

0.75 4
(GR)36; odd OE

0.5 1

Survival

0.25 A

Days

Figure 3.9. Lifespan of (GR)s3¢ expressing flies with and without odd or
bowl co-expression.

Lifespan of (GR)ss flies was significantly extended by co-expression of bow/
(p=0.015) or odd (p=0.012), both log-rank test. N=102-142 flies per condition.
Genotypes: UAS-(GR)se, elavGS; UAS-(GR)ss, elavGS/UAS-bowl; UAS-(GR)ss,
elavGS/UAS-odd.

3.2.8 Odd-skipped rescues of C9 toxicity are limited to post-mitotic neurons

Expression of poly(GR) in the developing eye using the GMR-Gal4 driver leads
to mild degeneration and a reduction in eye size (Mizielinska et al., 2014).
Therefore, to assess whether odd and bow/ could also rescue this alternative
model of (GR)ss toxicity, UAS-bow/ and UAS-odd flies were crossed to flies
expressing (GR)ss using the GMR-Gal4 driver. As previously reported, a rough

eye phenotype, and reduction of eye area was exhibited in flies expressing (GR)3s
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(Figure 3.10). Both odd and bow!/ overexpression in the absence of (GR)ss
expression led to a reduction in eye size (Figure 3.10). Bow/ but not odd
overexpression also exacerbated poly(GR) toxicity, as quantified by a reduction
in eye area compared to (GR)ss expression alone (Figure 3.10). This result
indicates that Odd-skipped rescues are limited to post-mitotic neurons as their
overexpression in developing eyes exacerbated rather than rescued toxicity.
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Figure 3.10. Odd-skipped expression in the developing eye exacerbates
poly(GR) toxicity.

A. Stereomicroscopy images of representative 2-day-old adult Drosophila eyes
expressing bowl or odd using the GMR-Gal4 driver (top panel) or co-expressing
both (GR)36 and bowl/ or odd constructs (bottom panel). Scale bar = 0.1mm. B.
Overexpression of bowl or odd in a wildtype background with GMR driver
decreased eye area (****p<0.0001, N=20 individual fly eyes per condition).
Overexpression of bow/ decreased eye area of (GR)ze flies (****p<0.0001), while
odd had no significant effect on eye area of (GR)s6 flies (p=0.48) (N=20 individual
fly eyes per condition). Two-way ANOVA followed by Tukey’s multiple
comparison test was used. A significant interaction effect between Odd-skipped
genotype and expression of the repeats was found (p<0.0001). Data is presented
as mean + S.D. Genotypes: GMR-Gal4; GMR-Gal4, UAS-bowl; GMR-Gal4, UAS-
odd; GMR-Gal4, UAS-(GR)3s; GMR-Gal4, UAS-(GR)3s, UAS-bowl; GMR-Gal4,
UAS-(GR)ss, UAS-0dd.

3.2.9 Odd-skipped family ameliorate motor impairments in C9 flies

To assess whether overexpressing Odd-skipped family members could rescue a
distinct neuronal phenotype in (G4C2)ss flies, motor activity was recorded using a
Drosophila activity monitor system. As previously reported, expression of
(G4C2)36 in adult neurons led to a reduction in motor activity (Figure 3.11) (Atilano
et al., 2021). This phenotype was abolished by overexpression of bow/ or odd
(Figure 3.11).
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Figure 3.11. Neuronal overexpression of odd or bowl improves motor
activity of (G4C:)s¢ flies.

Total activity of flies expressing (G4Cz2)ss in neurons was significantly reduced
compared with uninduced control flies (*p= 0.0129). (G4C2)3s flies co-expressing
bow! showed increased activity (*p=0.0307) compared with flies expressing
(G4C2)36 alone, and no significant difference in activity compared to their
uninduced sibling controls (p=0.1289). (G4C2)ss flies co-expressing odd showed
no significant difference in activity compared with flies expressing (G4Cz2)3s alone
(p=0.3245) and no significant difference in activity compared to their uninduced
sibling controls (p=0.9983). There was a significant interaction effect of genotype
x RU486 induction (p=0.0003). Two-way ANOVA followed by Tukey’s multiple
comparison test was used for statistical analyses. Data are presented as mean +
S.D. N=32 per genotype. Genotypes: UAS-(G4C2)3s, elavGS; UAS-(G4C2)ss,
elavGS/UAS-bowl; UAS-(G4C3)36, elavGS/UAS-odd.

3.2.10 Odd-skipped rescues of C9 toxicity are not limited to neurons

To determine whether Odd-skipped rescue of C9 toxicity is limited to adult
neurons, C9 repeats were expressed throughout the whole body of Drosophila,
using a daughterless Gal4-gene switch driver (daGS). Overexpression of odd or
bowl extended survival of flies expressing (G4C2)3s repeats in all tissues (Figure
3.12). Percentage increases in median survival compared to (G4C2)3s; daGS
alone (median 24.5 days), were 141% (bowl, median 59 days) and 114% (odd,
median 52.5 days). This finding demonstrates that odd and bow/ rescues are not
limited to neurons and/ or most of the toxicity associated with this model is driven

by the neuronal contribution, which bow/ and odd are also rescuing with daGS
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expression. The magnitude of rescue provided neuronal expression of odd and
bowl, using the elavGS driver (Figure 3.6), was greater than that provided by
whole body expression using the daGS driver, suggesting that the rescue effect

is greatest in neurons.
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Figure 3.12. Lifespan of flies expressing (G4C:)s3s in all tissues with and
without odd or bowl/ co-expression.

Lifespan of (G4C2)ss flies was significantly extended by co-expression of bow/
(p=2.8x103%) or odd (p=8.1x102%), both log-rank test. N=139-155 flies per
condition. Genotypes: UAS-(G4C2)3s, daGS; UAS-(G4C2)3s, daGS/UAS-bowl;
UAS-(G4C2)3s, daGS/UAS-odd.

3.2.11 RNA-sequencing identifies Odd-skipped targets

The second aim of this study was to identify potential downstream targets of the
Odd-skipped family of transcription factors that may be mediating the beneficial
effects on survival. Since Odd, Bowl, OSR1 and OSR2 are highly conserved
within the zinc finger regions, it is likely that they bind similar target DNA
sequences and produce similar transcriptional profiles. The Odd and Bowl lines
used here were C-terminally tagged with 3xHA. Therefore, a chromatin
immunoprecipitation experiment was conducted using a HA antibody to
experimentally identify direct targets of both Odd and Bowl. However, sequencing
results revealed that the experiment was unsuccessful, as the pull downs had
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very little DNA compared to the inputs and no significant peaks were detected
(data not included). Inaccessibility of the HA tags or technical failure may have
been factors in this unsuccessful experiment. As an alternative approach, RNA-
sequencing was performed to identify shared genes and pathways that were
altered by Odd-skipped family genes in the context of C9 repeats. RNA was
isolated from heads of C9 flies with or without co-expression of odd, bowl, OSR1
or OSR2, after 5 days of induction with RU486. Four biological replicates, each
consisting of 15 heads, were used per condition. RNA library preparation,
sequencing and DESeq2 analysis was carried out by UCL Genomics core facility.
RNA libraries were prepared for sequencing with KAPA mRNA HyperPrep Kkit.
RNA-sequencing (Next Seq 2000) was carried out on these samples at a depth
of 16 million reads. Principal component analysis revealed that biological
replicates clustered together, indicating that biological variability is the main
source of variance in the data. One potential outlier was identified in the C9 OSR1

condition (Figure 3.13).
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Figure 3.13. Principal component analysis plot of biological groups.

Most replicates within biological conditions cluster together. One potential outlier
is identified for C9 OSR1 condition. Genotypes: UAS-(G4C2)3s, elavGS; UAS-
(G4C2)s36, elavGS/UAS-bowl; UAS-(G4C2)ss, elavGS/UAS-odd; UAS-(G4C2)s3s,
elavGS/UAS-OSR1; UAS-(G4C2)36, elavGS/UAS-OSR2.

Gene ontology (GO) biological enrichment analysis was performed on all C9 Odd-
skipped conditions versus C9. GO analysis was performed by Dr Alla Mikheenko,
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a postdoctoral bioinformatician in the Isaacs lab. GO enrichment terms for both
upregulated and downregulated genes were distinct for each set of comparisons
(Figure 3.14). The four Odd-skipped transcription factors appear to affect
expression of genes involved in different high-level pathways, with no shared
pathways between all four conditions. However, there were some overlaps in
pathway enrichments between the conditions - cellular modified amino acid
metabolic process was enriched among downregulated genes in both Bowl and
Odd conditions; mating behaviour was enriched among upregulated genes in
Odd, OSR1 and OSR2 conditions; multicellular organism development enriched
among upregulated genes in both Odd and OSR2 conditions; double strand break
repair was enriched among downregulated genes in Odd and OSR2 conditions
but enriched among upregulated genes in the OSR1 condition; lipid metabolic
process was enriched among downregulated genes in OSR1 and OSR2

conditions.
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Figure 3.14. Gene ontology biological process enrichment plots of
differentially expressed genes in C9 Odd-skipped conditions versus C9.
Circle colour indicates negative log-transformed, adjusted p-values for Fisher’s
exact enrichment test. X axis indicates log2-fold change as enrichment. Size of
circles represents significance. A. GO plot of differentially expressed genes in C9
bowl versus C9 fly heads, after 5 days. B. GO plot of differentially expressed
genes in C9 odd versus C9 fly heads. C. GO plot of differentially expressed
genes in C9 OSR1 versus C9 fly heads. D. GO plot of differentially expressed
genes in C9 OSR2 versus C9 fly heads. Genotypes: UAS-(G4C>2)3s, elavGS; UAS-
(G4C2)s6, elavGS/UAS-bowl; UAS-(G4C:2)ss, elavGS/UAS-odd;, UAS-(G4C3)ss,
elavGS/UAS-OSR1; UAS-(G4C2)36, elavGS/UAS-OSR2.

Common individual genes or groups of genes belonging to disparate biological
pathways may instead be mediating Odd skipped rescues. To increase the
probability of direct Odd-skipped target identification, an analysis was performed
by Dr Alla Mikheenko to identify differentially expressed genes containing the
highly conserved Odd-skipped binding motif (GCTACTG) (Noyes et al., 2008).
465 differentially expressed genes, including both upregulated and
downregulated genes across all comparisons contained an Odd-skipped binding
motif. The top differentially expressed genes, based on fold change, containing
an Odd-skipped binding motif are presented as a heatmap (Figure 3.15). The C9
Odd versus C9 and C9 OSR2 versus C9 comparisons clustered together, as did
C9 Bowl versus C9 and C9 OSR1 versus C9 (Figure 3.15). This is interesting
given that both odd and OSR2 reduced DPR levels, whereas bow/ and OSR2 did
not (Figure 3.7).
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Figure 3.15. Heatmap of top differentially expressed genes by fold change
containing a highly conserved Odd-skipped binding motif.

Genotypes: UAS-(G4C3)ss, elavGS;, UAS-(G4C2)ss, elavGS/UAS-bowl;
UAS(G4C3)s3s, elavGS/UAS-odd;, UAS-(G4C2)ss, elavGS/UAS-OSR1; UAS-
(G4C2)36, elavGS/UAS-OSR?2.

Prioritisation for target follow-up was given to individual genes commonly altered
across two or more Odd-skipped conditions, which contained a conserved Odd-
skipped binding motif and which had mammalian orthologs. Using these criteria,
hec, Trpy, Arc1, Ect3, CG9394 and Odc2 were selected for follow up. The raw
count data for each of these targets is graphed below (Figure 3.16).
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Figure 3.16. RNA-sequencing count data for putative Odd-skipped target
genes.

A. Raw count data for hector (hec). B. Raw count data for Trpy. C. Raw count
data for Arc1. D. Raw count data for Ect3. E. Raw count data for CG9394. F. Raw
count data for OdcZ2. Raw counts were used for direct comparisons. Genotypes:
UAS-(G4C2)ss, elavGS; UAS-(G4C3z)ss, elavGS/UAS-bowl;, UAS-(G4C2)ss,
elavGS/UAS-odd; UAS(G4C2)3s, elavGS/UAS-OSR1; UAS-(G4C2)3s,
elavGS/UAS-OSR2.

To visualise the results of differential expression analysis, volcano plots were
produced for C9 versus control and all C9 Odd-skipped conditions versus C9
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comparisons. The six genes selected for follow-up are highlighted in the volcano
plots (Figure 3.17). Overexpression of bow/ and odd was also confirmed for this
RNA-sequencing experiment, with bow/ and odd each being the most significantly
upregulated genes in C9 bowl versus C9 (Figure 3.17 B) and C9 odd versus C9
(Figure 3.17 C) respectively. Trpy, Ect3, CG9394 and Arc1 are classified among
the top differentially expressed genes containing an Odd-skipped binding maotif,
by fold change (Figure 3.13). The expression of hec, Trpy and CG939%4 is
increased by C9 and decreased by all Odd-skipped genes (Figure 3.16 and
Figure 3.17). Ect3 expression is unchanged by C9 but decreased by all Odd-
skipped genes. Arc1 expression is increased by C9 and decreased by both odd
and OSRZ2 overexpression. Odc2 expression is decreased by C9 and increased

by all Odd-skipped genes (Figure 3.16 and Figure 3.17).
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Figure 3.17. Volcano plots of fly transcriptomic data with shortlisted Odd-
skipped target genes highlighted.
A. Volcano plot of differentially expressed genes in induced (G4C2)zs (C9) versus
uninduced (control) fly heads, after 5 days. B. Volcano plot of differentially
expressed genes in C9 bowl versus C9 fly heads. C. Volcano plot of differentially
expressed genes in C9 odd versus C9 fly heads. D. Volcano plot of differentially
expressed genes in C9 OSR1 versus C9 fly heads. E. Volcano plot of differentially
expressed genes in C9 OSR2 versus C9 fly heads. Dotted lines denote
significance and fold change thresholds (-log10pvalue: 1.3, log2FC: 0.5). Graphs
were produced with VolcaNoseR. Genotypes: UAS-(G4C2)ss, elavGS; UAS-
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(G4Cz)ss, elavGS/UAS-bowl; UAS(G4Cz)ss, elavGS/UAS-odd: UAS-(G4Cz)ss,
elavGS/UAS-OSR1; UAS-(G4C3)3s, elavGS/UAS-OSR2.

3.2.12 Analysis of Odd-skipped targets in mammalian neurons

To assess whether the Odd-skipped targets identified were also differentially
regulated in a non-disease neuronal and mammalian context, RNA-sequencing
was performed on rat primary cortical neurons overexpressing either OSR1 or
OSR2. OSR1 and OSR2 were the most significantly upregulated genes when
either one was overexpressed confirming successful transduction efficiency
(Figure 3.18 A and B, respectively). Calcrl, the rat ortholog of hec, was
downregulated by OSR1 (FC 0.387, padj 1.2x107"°) and OSR2 (FC 0.271, pad;
5.43x10-%0). Trpy ortholog Trpc4 was downregulated by both OSR1 (FC 0.723,
padj 0.0003) and OSR2 (FC 0.752, padj 0.001). A second Trpy ortholog, Trpc5
was also downregulated by OSR1 (FC 0.779, paj 3.37x10°) and OSR2 (FC
0.615, paj 0.002). Arc1 ortholog Arc was not significantly changed by either OSR1
or OSR2. Ect3 orthologous gene GI/b1/ was significantly upregulated by OSR2
(FC 1.276, padj 0.0.12), but not OSR1. Gpcpd? is the closest homolog of
CG9394. Gpcpd1 expression was not altered by either OSR1 (FC 1.121 padj
0.155) or OSR2 (FC 1.005, padj 0.973). Odc1, the rat ortholog of Odc2 was not
significantly altered by OSR1 (FC 0.962, padj 0.548) or OSR2 (FC 0.961, padj
0.456). A second orthologous gene to Odc2, Azin1, was also unchanged by either
OSR1 (FC 1.028, padj 0.609) or OSR2 (FC 0.941, padj 0.067). This experiment
validates three of the shortlisted Odd-skipped targets, hec (Calcrl), Trpy (Trpc4
and Trpcb) and Arc1 (Arc), as conserved targets downregulated by Odd-skipped
family transcription factors, so these were prioritised for follow-up (Figure 3.18).
A disadvantage of this approach is that many of the differentially expressed genes
identified by RNA-seq are likely to be indirect, rather than reflecting direct targets
of these Odd-skipped transcription factors.
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Figure 3.18. RNA-sequencing of rat primary cortical neurons
overexpressing OSR1 or OSR2.

A. Incucyte images at DIV 12, confirming expression of mApple tagged OSR1
and OSR2. B. PCA plot of transcriptomic data shows clear separation of
biological groups. C. Volcano plot of rat primary cortical neurons overexpressing
OSR1. D. Volcano plot of rat primary cortical neurons overexpressing OSR2.
Gridlines were set to -Log10(p-value) = 1.3 on the y-axis, equivalent to adjusted
p-value <0.05 and Log2(Fold change) = 0.5 on the x-axis. Graphs were produced
with VolcaNoseR.

3.2.13 Testing short-listed genes for effects on C9 Drosophila survival

To determine whether any of the shortlisted target genes could rescue C9 toxicity,
the directionality of their regulation by Odd-skipped genes would need to be
replicated. Therefore, TriP RNAI lines were obtained from BDSC for hec, Trpy,
Arc1, Ect3 and CG9394. Overexpression lines were not available for Odcz;
therefore, this gene was dropped from further analysis. RNAI lines were
backcrossed for at least three generations into a standard v-w1118 stock before
being assessed for effects on C9 survival (Figure 3.19). Knockdown of hec
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significantly reduced C9 survival, decreasing median survival by 25%, from 19.5
days to 14.5 days (p=0.0002) (Figure 3.19 A). Trpy RNAI produced a significant
extension in the lower portion of the curve that increased mean survival by one
day, from 17 to 18 days. However, knocking down Trpy had no effect on median
survival (Figure 3.19 C). Knocking down Arc1 significantly extended C9 survival,
increasing median survival by 22% from 11.5 days to 14 days. Neither Ect3 nor
CG9394 RNA. significantly altered C9 survival.
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Figure 3.19. Survival curves for predicted Odd-skipped target genes.

hec RNAi shortens C9 fly survival (p=0.0002, log-rank test). B. Trpy RNAi extends
mean survival, without affecting median survival (p=0.006, log-rank test). C. Arc1
RNAI extends C9 survival (p=0.02, log-rank test). D. Ect3 RNAi has no effect on
C9 fly survival (p=0.999, log-rank test). E. CG9394 RNAi has no effect on C9
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survival p=0.298. N=90-140 flies per condition. Genotypes: UAS-(G4C2)ss,
elavGS; UAS-(G4C3)ss, elavGS/UAS-hec RNAi; UAS-(G4C3)ss, elavGS/UAS-
Trpy RNAI; UAS-(G4C2)s6, elavGS/UAS-Arc1 RNAI; UAS-(G4C3)s6, elavGS/UAS-
Ect3 RNAI, UAS-(G4C2)3s, elavGS/UAS-CG9394 RNA..

Therefore, Trpy and Arc1 could partially rescue C9 toxicity, modestly increasing
C9 survival when the directionality of their regulation by Odd-skipped genes was
replicated, using RNAI lines. However, the small effects of perturbing individual
Odd-skipped target genes cannot explain the magnitude of survival extensions
seen with the Odd-skipped family on (G4Cz)ss fly survival. This finding suggests
that the individual gene targets tested have at most, minor effects and that rather,
rescue is attributable to other specific genes that were not tested, or combinatorial
effects of gene targets such that Odd-skipped family overexpression rescues
through regulation of multiple genes.

3.3 Discussion

3.3.1 Summary of findings

In this chapter, a characterisation of the Odd-skipped family of transcription
factors as modifiers of C9 toxicity was performed to identify downstream targets
mediating rescue. Novel Drosophila lines expressing human OSR1 and OSR2
were generated. OSR71 and OSR2, like Drosophila bowl and odd, were able to
extend survival of C9 Drosophila. The extent of survival benefit varied between
the Odd-skipped family genes tested. The differences in the magnitude of survival
extension correlated with differential effects on DPR levels — odd and OSR2
overexpression produced greater survival extensions than bow/ or OSR1, and
odd and OSRZ2 decreased DPR levels, whereas bow/ and OSR7 did
not. Overexpression of bow/ and odd also extended survival of UAS-(GR)ss flies,

albeit modestly in comparison to their effect on survival of (G4C2)ss flies.
To identify shared genes and pathways altered by overexpressing these related

transcription factors in the context of C9 repeats, RNA-sequencing was
performed at a pre-degeneration timepoint on C9 flies with or without co-
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expression of odd, bowl, OSR1 or OSR2. Odd-skipped transcription factors have
been described to act as both transcriptional activators and transcriptional
repressors, dependent on the cellular context, therefore we did not limit our study
to only upregulated or downregulated genes, but instead looked for genes
commonly upregulated or downregulated across the Odd-skipped conditions
(Dréan et al., 1998; Tena et al., 2007). Gene ontology enrichment analysis did
not identify pathways that are commonly altered across all Odd-skipped
conditions. Therefore, prioritisation for target follow up was given to individual
genes commonly altered across Odd-skipped conditions and containing a
conserved Odd-skipped binding motif. Shortlisted genes of interest were
assessed for their effect on C9 Drosophila survival, with either no effect or small
effects on survival. Therefore, individual genes are unlikely to be driving the
rescues observed by the Odd-skipped family.

3.3.2 Odd-skipped rescue is specific to C9 toxicity in adult neurons

Expression of (G4C2)3s in adult Drosophila neurons greatly reduces lifespan,
mostly due to the production of arginine-rich DPRs (Mizielinska et al., 2014). Co-
expressing odd or bowl! in neurons of these C9 flies significantly extends survival,
as does co-expression of human OSR71 and OSR2. Odd and bowl/ also extend
survival of flies expressing ATG driven (GR)ze, albeit to a lesser extent. This
lifespan extension by Odd-skipped family transcription factors is due to a rescue
of C9 specific toxicity, as odd or bow/ overexpression in neurons of wildtype flies
led to a significant reduction in lifespan. In adults, transcription factors can
preserve cellular function in response to environmental insults by temporarily
adjusting gene expression (Webb and Brunet, 2014). The transient nature of this
responsiveness is essential to maintain cellular homeostasis, and this is achieved
by tight regulation of transcription factor levels and activities (Latchman, 1997).
Therefore, continuously overexpressing a transcription factor in the absence of
disease can create cellular disequilibrium, leading to negative consequences for
organismal health.
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Here, expression of odd or bow! in developing eye neurons using a GMR-Gal4
driver, led to a reduced eye area in both the absence and presence of poly(GR).
Furthermore, in contrast to our data showing increased expression of odd and
bowl in adult neurons is beneficial, knocking down odd in developing Drosophila
wings has previously been found to suppress poly(GR) toxicity (Lopez-Gonzalez
et al., 2019). During development, transcription factors are crucial determinants
of cellular and tissue identity (Leyva-Diaz and Hobert, 2019). The Odd-skipped
family are known to have important roles during development, including in the
developing wing (Del Signore, Hayashi and Hatini, 2012) and retina (Bras-
Pereira, Bessa and Casares, 2006), therefore, genetic manipulation in either
direction during developmental stages might be expected to have consequences
on morphological phenotypes. The original screen carried out by our lab that
identified odd and bow! as suppressors of C9 toxicity, restricted expression of
both the C9 repeats and odd and bowl/ to adult post-mitotic neurons, thereby

avoiding developmental expression.

3.3.3 Odd-skipped transcription factors have varying effects on DPR levels

Here, Odd-skipped transcription factors were found to have different effects on
DPR levels. As well as decreasing DPRs, odd and OSRZ2 produced a low
molecular weight poly(GP) band on western blot. This low molecular weight band
may be due to effects on RAN translation, with alternative start codon usage
leading to a shorter poly(GP) product, or due to proteolytic cleavage of poly(GP)
in the odd and OSRZ2 conditions. The fact that this low molecular weight poly(GP)
product is present only in the conditions with the greatest survival extensions may
be indicative of an additional mechanism at play for odd and OSR2. Odd and
OSRZ2 also decreased levels of poly(GR), while bow/ and OSR1 had no effect on
poly(GR) levels in UAS-(G4C2)ss flies. Both odd and bow! extended survival of
UAS-(GR)ss flies. It will be important to determine whether odd reduces poly(GR)
levels in UAS-(GR)ss flies, which do not undergo RAN translation, in order to
better address the mechanism by which odd reduces DPRs. The reduction in
DPR levels was not due to decreased general translation efficiency as levels of
an mCD8-GFP protein, also driven by the elavGS driver was not affected by odd
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or bowl! expression. We have not ruled out the possibility that expression of odd
and OSR2 have a direct effect on the transcription of the G4C2 transgene, with
resulting impacts on DPR levels. Future work should determine the G4C:
transcript repeat levels by RNA dot blot analysis to determine whether G4C>
transcription is altered by odd and OSR2, as another potential mechanism by
which odd and OSRZ2 reduce DPR levels. Alternatively, increased clearance of
DPRs in odd and OSRZ2 conditions could be responsible for reduced DPR levels,
however, protein degradation pathways were not enriched among differentially

expressed genes in either odd or OSR2 conditions.

The similar effects of Odd and OSR2 on DPR levels cannot be attributed to
sequence similarity of Odd and OSR2 or number of zinc finger domains, as Bowl
and OSR2 are more similar than Odd and OSR2 in both respects (see Figure
3.4). Divergent effects among these Odd-skipped proteins may be independent
of their shared sequence specific DNA binding and transcription factor activity.
Transcription factors, and particularly C2H2 transcription factors, are known to
physically interact with other transcription factors and proteins, thereby
diversifying their functions and downstream effects (Brayer and Segal, 2008).
Bowl but not Odd has been experimentally shown to physically interact with
FOXO, TP53 and Relish (Drosophila NF-kB), which likely confers distinct
functions (Shokri et al., 2019). There is clearly more than one mechanism of
rescue attributable to the Odd-skipped family, and further research into these
other mechanisms of C9 rescue by Odd-skipped family members are warranted.

3.2.4 Limitations of this work

Here we focused on shared, conserved differentially expressed genes, between
Odd, Bowl, OSR1 and OSRZ2, that contained an Odd-skipped binding motif for
target follow-up, regardless of effects on DPR levels. However, if Odd and OSR2
are providing much of their rescue by affecting RAN translation, this would mean
that shared genes for all four Odd-skipped transcription factors will be relevant to
pathways not impacting RAN translation. Grouping the conserved genes into two
groups, those shared by Odd/OSR2 and those shared by Bowl/OSR1 may
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provide important insights into genes affecting RAN translation and genes
providing rescue independent of effects on DPRs. Additionally, transcription
factors will affect expression of both direct target genes and indirect target genes,
both of which may be responsible for the rescue effects. We may have missed
important shared indirect target genes with our approach, which focussed on
genes with an Odd-skipped binding motif.

A limitation of this work is the utilisation of RNA-sequencing data combined with
motif searching to infer putative transcriptional targets of the Odd-skipped family
in a CY9orf72 disease context. It is difficult to separate causality from correlation
or consequence when comparing differentially expressed genes between
disease versus control and disease versus rescue interventions. However, to
increase the probability of identifying direct Odd-skipped targets in disease
contexts, an early timepoint was chosen for RNA-sequencing, four different Odd-
skipped genes were included, and bioinformatic searching for Odd-skipped motifs
in promoter regions of differentially expressed genes was conducted. Further,
RNA-sequencing was performed in rat primary cortical neurons overexpressing
OSR1 or OSRZ2 in the absence of disease. Putative targets shortlisted for
functional follow-up in Drosophila were compared against this dataset to validate
target specificity. Transcription factors bind to DNA in a sequence specific
manner leading to activation or repression of target gene transcription. However,
this binding depends on accessibility of target DNA. Assay for Transposase-
Accessible Chromatin with next generation sequencing (ATAC-seq) can decipher
chromatin accessibility by utilising a hyperactive Tn5 transposase to insert
sequencing adapters into open chromatin regions. Chromatin accessibility has
recently been shown to be altered by expressing poly(PR), and therefore
chromatin accessibility may be altered in C9orf72 disease contexts (Maor-Nof et
al., 2021). Combining ATAC-seq with ChIP-seq and RNA-seq approaches, in the
context of C9orf72 hexanucleotide repeat toxicity would be a powerful approach
to determine direct targets of Odd-skipped transcription factors in this disease

context.

A further limitation of this work is the use of whole Drosophila heads for RNA-
sequencing and other molecular experiments. Drosophila heads constitute head
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fat body and cuticle, as well as eyes and brain. The presence of these other
tissues may mask small effects occurring only in neurons, or they can reflect
systemic changes. Additionally, the use of bulk RNA sequencing provides a
global overview of transcriptional changes occurring across the population of
cells but precludes analysis of individual cells that are either resistant or
vulnerable to the disease. Therefore, it would be highly informative to perform
single cell RNA sequencing on Drosophila brains of control flies compared to flies
neuronally expressing (G4C2)3s with and without co-expression of Odd-skipped
transcription factors.

Additionally, since both the Odd-skipped genes and (G4C2)3s are driven by the
same Gal4-GS driver, it is possible that binding to the Odd-skipped transgene
promoter is titrating out the driver protein, leading to a drop in (G4C2)3s expression
and therefore, a phenotypic rescue. To account for any dilution effects, it would
be beneficial to include, in the C9 control line, a second irrelevant transgene such
as UAS-GFP when performing experiments involving co-expression of (G4C2)3s
with a potential modifier, to ensure that rescues observed are not due to titration
effects on the GAL4/UAS system. Previously, flies carrying an empty vector
inserted in the same location as the UAS-odd and UAS-bowl FIyORF construct
was found to have no effect on lifespan of C9 expressing flies, confirming that the
rescue is due to Odd-skipped genes and not to a non-specific dilution of the
driver. Nevertheless, it would have been beneficial to include this condition, or

similar, in all experiments.

By using an inducible elav Gal4-GeneSwitch driver, we avoid expression of the
toxic DPRs throughout development, allowing us to study the impact of DPRs on
adult neurons. This is useful from the point of view that ALS and FTD are adult-
onset neurodegenerative diseases. However, the C9o0rf72 expansion mutation is
present throughout embryonic stages in patients, and therefore by avoiding
developmental expression of DPRs, we are not able to investigate the potential
synergistic contributions or independent effects of developmental expression of
DPRs in our Drosophila model of ALS/FTD. There is now evidence that the
C9orf72 expansion mutation can alter neurodevelopment, impairing neural stem

cell proliferation and decreasing cortical and thalamic size, mediated by poly(AP)
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binding to the ribosomal maturation factor LRRC47, and lowering protein
synthesis (Hendricks et al., 2023). Therefore, developmental expression of DPRs
can influence neuronal health, and contribute to later neurodegeneration, and as

such, the study of DPRs during developmental stages is also important.

3.2.5 Conclusions

Odd-skipped transcription factors were identified as strong suppressors of C9
toxicity in Drosophila. The extent of survival benefit varied between the Odd-
skipped family genes tested, odd and OSR2 overexpression produced greater
survival extensions than bow/ or OSR1, and this difference in the magnitude of
survival extension was attributable to odd and OSRZ2 decreasing DPR levels,
whereas bow/ and OSR7 did not. Evidently, the Odd-skipped family of
transcription factors rescue C9 toxicity in multiple ways and further research into
these other mechanisms of C9 rescue by Odd-skipped family members are

warranted.
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Chapter 4 - Transient receptor potential
gamma is a modifier of C9orf72-repeat

toxicity

4.1 Introduction

Transient receptor potential (TRP) channels are conserved, receptor-operated,
non-selective, calcium permeable, cation channels that were first discovered in
Drosophila (Montell and Rubin, 1989). A subgroup of this family are the canonical
TRP (TRPC) channels. Transient receptor potential cation channel y (Trpy) is one
of three TRPC members in the Drosophila genome, which also includes transient
receptor potential (trp) and transient-receptor-potential-like (trpl). Trpy is
orthologous to human TRPC4 and TRPC5. In mammals, TRPC proteins can be
divided into three groups: TRPC1/C4/C5, TRPC3/C6/C7 and TRPC2. The
proteins within these groups can assemble into homo or heterotetramers, which
affects the physiological properties of these ion channels (Strubing et al., 2001;
Hofmann et al., 2002). TRPC1 is a negative regulator of TRPC4 and TRPC5
channels (Kim et al., 2019). Similar to mammals, Trpy can form homo or
heteromers, with Trpy homodimers constitutively active, while heterodimerisation

with TRPL forms a regulated cation channel (Xu et al., 2000).

Riluzole was the first approved drug to delay progression of ALS (Amyotrophic
Lateral Sclerosis/Riluzole Study et al., 1996). Riluzole affects the activity of
several ion channels, leading to reduced neuronal firing through inhibition of Na+
channels, and enhancement of calcium dependent potassium currents
(Bellingham, 2011). Additionally, riluzole is a direct activator of TRPC5 channels
at physiologically relevant concentrations (Richter, Schaefer and Hill, 2014).
Riluzole binds within the voltage sensor-like domain of human TRPCS5, acting
synergistically with calcium ions (Yang, Wei and Chen, 2022). TRPC5 is involved
in regulation of neurite outgrowth, axon formation and synaptic plasticity in the
hippocampus (Schwarz et al., 2019; Davare et al., 2009; Greka et al., 2003), and

dendrite morphogenesis in the cerebellum (Puram et al., 2011). Additionally,
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TRPC4 is necessary for neurite outgrowth of dorsal root ganglia following nerve
injury (Wu et al., 2008). In flies, Trpy coordinates brain-wide developmental
activity and synaptogenesis (Bajar et al., 2022), is involved in nutrient sensing
behaviour (Dhakal et al., 2022) and plays a role in fine motor control via Ca?*
influx in adults (Akitake et al., 2015). The role of TRPC channels in C9orf72
ALS/FTD has not previously been investigated.

Here, we show that Trpy is upregulated at an early timepoint in Drosophila
expressing expanded G4C. repeats. Furthermore, the mammalian orthologs
TRPC4 and TRPCS, are upregulated in multiple patient-derived iPS motor neuron
transcriptomic datasets. TRPC4 expression levels are decreased in end-stage
CI9ALS post-mortem cortical excitatory neurons. Overexpression of Trpy
improved neurodegenerative phenotypes in our C9orf72 fly model, and the
mechanism by which Trpy reduces toxicity in flies is partially due to a reduction
in levels of poly(GR). Early upregulation of Trpy and TRPC4/5is likely a protective
response which for some reason this fails in end stage disease, which may
contribute to neurodegeneration. Overall, our data suggest that modulation of
Trpy/TRPC4 expression or activity in neurons could be an effective therapeutic
approach against C9orf72 ALS/FTD.

4.2 Results

4.2.1 Trpy is upregulated in C9 Drosophila heads

Trpy is normally expressed by less than 2% of neurons in the developing
Drosophila brain (Bajar et al., 2022). We examined the endogenous expression
of Trpy in the adult Drosophila brain using a published single-cell RNA-
sequencing dataset (Davie et al., 2018). Indeed, Trpy messenger RNA co-
localised with cells expressing the canonical neuronal marker elav, and not the

glial marker, repo (Figure 4.1).
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Trpy

Trpy

Figure 4.1. Trpy co-localises with neuronal cells in the Drosophila brain.
Images from the SCope database (Davie et al., 2018) show mRNA expression of
Trpy largely in elav-expressing (neuronal) cell populations and not repo-
expressing (glial) cell populations in the Drosophila brain.

Given the importance of Trpy in normal synaptic development, we wanted to
restrict our study of the role of Trpy in C90rf72 neurodegeneration to post-mitotic
adult neurons (Bajar et al., 2022). Therefore, we utilised our RU486-inducible C9
fly model, which expresses (G4C2)ss repeats under the control of the pan-
neuronal elav Gal4-GS driver (Mizielinska et al., 2014; Osterwalder et al., 2001).
This system allows us to spatiotemporally restrict transgene expression to adult
neurons, bypassing confounding effects of developmental expression. We
analysed two independent transcriptomic datasets produced in the lab, in which
(G4C2)36 was inducibly expressed in adult neurons for five days. Trpy was
significantly upregulated in fly heads expressing (G4C2)3s compared to uninduced
controls at this relatively early timepoint in both datasets (Figure 4.3 A and B).
Trpy produces three transcript variants, Trpy-A which is 4232 nucleotides, Trpy-
B which is 4189 nucleotides, and Trpy-D which is 5274 nucleotides in length
(Figure 4.2).
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Figure 4.2. Trpy has three transcript variants.

Trpy-A, Trpy-B and Trpy-D isoforms are shown. Exons (orange rectangles),
untranslated regions (grey rectangles), and introns (black lines between exons or
untranslated regions). Trpy-D has an extra exon at the N-terminus compared to
Trpy-A and Trpy-B. Scale bar = 500 base pairs.

We performed gPCR on induced versus uninduced (G4C2)36 fly heads after 5
days using a set of primers designed to target all Trpy transcript variants, and
found that Trpy was upregulated in (G4C:2)3s expressing flies, albeit non-
significantly (Figure 4.3 C). To assess whether there was a particular transcript
variant that was driving the upregulation detected by RNA-sequencing, we
designed primers targeting the N-terminal exonic region unique to Trpy-D. We
found that Trpy-D expression is increased approximately 7-fold in (G4C2)ze fly
heads after 5 days of RU486 induction (Figure 4.3 D).
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Figure 4.3. Trpy is upregulated at early timepoints in (G4C2)3s Drosophila
heads.

A. Volcano plot of differentially expressed genes in RNA-sequencing experiment
1 on fly heads inducibly expressing (G4C2)ss for 5 days, versus uninduced
controls. N=4 biological replicates containing 15 heads per replicate. B. Volcano
plot of differentially expressed genes in RNA-sequencing experiment 2 on fly
heads inducibly expressing (G4C2)ss for 5 days, versus uninduced controls. N=4
biological replicates containing 15 heads per replicate. For both A and B, gridlines
are set to -Log1o(p-value) = 1.3 on the y-axis, equivalent to adjusted p-value <0.05
and Logz(Fold change) = 1 on the x-axis. Differentially expressed genes were
plotted using VolcaNoseR. C. Trpy-AB isoform is non-significantly increased in
induced (G4C>)ss flies after 5 days as determined by qPCR (p=0.0783, Student’s
unpaired t-test). N=4 biological replicates containing 15 heads per replicate. D.
Trpy-D isoform is significantly increased in induced (G4C>)s¢ flies after 5 days as
determined by qPCR (p<0.0001, Student’s unpaired t-test). N=4 biological
replicates containing 15 heads per replicate. gPCR data are presented as mean
+ S.D. Genotype: UAS-(G4C2)s3s, elavGS.

4.2.2 Human homologs TRPC4 and TRPCS5 are dysregulated in patient iPSC

neurons and post-mortem brains

Trpy is most homologous to human TRPC4 with 47% identity (64% similarity),
and TRPCS with 44% identity (61% similarity). We analysed three publicly
available transcriptomic datasets of C9orf72 ALS/FTD patient iPSC-motor
neurons, to check whether TRPC4 or TRPCS5 expression was altered in a model
closer to human disease. TRPC4 was found to be upregulated in C9orf72 iPSC-
motor neurons at day in vitro 21 in two transcriptomic datasets analysed (Mehta
et al., 2021; Selvaraj et al., 2018) (Figure 4.3 A and B). TRPC4 was found to be
downregulated, while TRPCS5 was upregulated in C9orf72 iPSC-motor neurons
in a third dataset at the same timepoint (Sommer et al., 2022) (Figure 4.4 C and
D).
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Figure 4.4. TRPC4 and TRPCS5 are dysregulated in C9ALS/FTD motor
neurons.

A. TRPC4 is upregulated in two patient C9orf72 iPSC-motor neuron lines versus
their gene corrected controls at DIV 21 (Mehta et al., 2021). B. TRPC4 is
upregulated in a patient C9orf72 iPSC-motor neuron line versus its gene
corrected control and a healthy control line at DIV 21 (Selvaraj et al., 2018). C.
TRPC4 is downregulated in C9orf72 iPSC motor neurons at DIV 21 (Sommer et
al., 2022). D. TRPCS5 is upregulated in C9orf72 iPSC motor neurons at DIV 21
(Sommer et al., 2022). Data plotted from published Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) values.

TRPC channel expression is also dysregulated in a single cell transcriptomic
dataset generated from post-mortem ALS patient brains, with TRPC4
downregulated while TRPC1 is upregulated in cortical excitatory neurons (Figure
4.5) (Li et al., 2023).
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Figure 4.5. TRPC4 is downregulated in post-mortem frontal cortex
excitatory neurons.

Volcano plot showing differentially expressed genes in C90rf72 ALS post-mortem
frontal cortex excitatory neurons. TRPC4 is downregulated while TRPC1 is
upregulated (Li et al., 2023). Gridlines are set to -Log1o(p-value) = 1.3 on the y-
axis, equivalent to adjusted p-value <0.05 and Logz(Fold change) = 0.3 on the x-
axis. Volcano plot produced using published differentially expressed genes (Li et
al., 2023) and plotted using VolcaNoseR.

4.2.3 Trpy extends C9 Drosophila survival

The Trpy gene produces three isoforms - Trpy-A, Trpy-B and Trpy-D. Trpy-A and
Trpy-B have identical amino acid sequences, however, Trpy-D has an extra 60-
amino-acids at its N-terminus, with additional functions described for this isoform
during development (Bajar et al., 2022). To test whether the shared Trpy
sequence influences C9 fly survival, or whether there may be isoform specificity
to the role of Trpy in C9 neurodegeneration, we obtained flies expressing either
Trpy-A and Trpy-B (Trpy-AB) or Trpy-D as a generous gift from Dr Orkun Akin
(UCLA). Neuronal overexpression of either Trpy-AB or Trpy-D markedly
increased C9 survival. Trpy-AB increased median survival by 177%, from 11 to
30.5 days. Trpy-D increased median survival by 156%, from 11.5 to 29.5 days.
This result indicates that elevated Trpy expression in C9 flies is a compensatory
protective response (Figure 4.6 A and B). Given the similar survival extensions
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observed for both Trpy-AB and Trpy-D, it can be concluded that the rescue is due

to the shared amino acid sequence of all isoforms.
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Figure 4.6. Trpy overexpression in neurons of C9 flies extends survival.

A. Neuronal overexpression of Trpy-AB extends C9 survival (p=1.94x108, log-
rank test), N=150 flies per condition. B. Neuronal overexpression of Trpy-D
extends C9 survival (p=3.9x10%°, log-rank test), N=150 flies per condition.
Genotypes: UAS-(G4C2)3s, €lavGS; UAS-(G4C>)s36, elavGS/ UAS-Trpy-AB, UAS-
(G4C2)36, elavGS/ UAS-Trpy-D.

While RNAi-mediated knockdown of Trpy in neurons had no effect on median
survival of C9 flies (Figure 3.19 B), a Trpy mutant allele, Trpy[1], significantly
reduced median survival by 22%, from 11 to 8.5 days (Figure 4.7). Why Trpy
overexpression in neurons greatly extends survival while neuronal knockdown by
RNAi has limited effects may be because less that 2000 neurons in the
Drosophila brain normally express Trpy. Therefore, knocking down Trpy in so few
neurons, while toxic C9 repeats are expressed in all neurons, may not be
sufficient to see any effect on survival. However, ectopically overexpressing Trpy
in all neurons which are also expressing C9 repeats, is sufficient to reduce toxicity
and extend survival (Figure 4.6 A and B). As well as being expressed by neurons,
Trpy is also highly expressed in Drosophila muscle, proprioceptive organs and
scolopale cells and has been shown to be necessary for coordination and fine
motor control (Akitake et al., 2015). The different effects observed when using
Trpy RNAi and a Trpy mutant may be because the RNAI line will specifically
knockdown Trpy in neurons, under control of the elavGS driver, while the mutant
will lead to reduced expression in all tissues expressing Trpy.
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Figure 4.7. Trpy mutant allele decreases median survival.

Trpy[1] significantly decreases C9 survival (p=4.8x10"'3, log-rank test). N=150
flies per condition. Genotypes: UAS-(G4C2)s3s, elavGS; UAS-(G4C2)ss,
elavGS/Trpy[1].

4.2.4 Trpy rescue is specific to C9 toxicity

To assess whether the survival extension by Trpy overexpression was
attributable to a specific rescue of C9 toxicity or a more general improvement of
health, Trpy was overexpressed in the neurons of wild type flies. Feeding RU486
to the driver alone condition led to a lifespan extension, with median survival
increasing from 85.5 to 91.5 days (Figure 4.8 A). However, overexpression of
Trpy-AB decreased median survival by 18%, from 91.5 days in uninduced
controls versus 74.5 days in induced flies (Figure 4.8 B). Similarly, Trpy-D
overexpression also led to a reduction in survival, with medians decreasing by
9.5%, from 94.5 to 85.5 days (Figure 4.8 C). Lifespan was significantly decreased
by overexpression of both Trpy isoforms in wild-type neurons, suggesting that the

rescues observed are specific to C9 toxicity (Fig. 4.8 B, C).
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Figure 4.8. Trpy overexpression in wildtype neurons decreases lifespan.
RU486 led to a lifespan extension in the driver alone condition (p=5.26x10-19, log-
rank test). N=150 flies per condition. B. Trpy-AB overexpression in neurons of
wildtype flies decreased survival (p=8.43 x10-%9, log-rank test). N=120-130 flies
per condition. C. Trpy-D overexpression in neurons of wildtype flies decreased
survival (p=0.0001, log-rank test). N=150 flies per condition. Genotypes: elavGS;
elavGS/UAS-Trpy-AB; elavGS/UAS-Trpy-D.

To assess whether a reduction in expression of Trpy has any effect on wildtype
lifespan, we first knocked down Trpy in neurons using an RNAI line. Feeding
RU486 to the driver alone condition had no effect on median survival compared
to uninduced controls (90.5 days) (Figure 4.9 A). Knocking down Trpy expression
in neurons of wildtype flies had no effect on median survival compared to its
matched uninduced control (90.5 days) but did cause some early mortality (Figure
4.9 B). Feeding RU486 to the driver alone condition run in parallel to Trpy[1]
increased median survival from 87.5 days to 93.5 days (Figure 4.9 C). Loss of
one copy of Trpy using a mutant allele led to a reduction in median survival from
84.5 to 78.5 days (Figure 4.9 D).
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Figure 4.9. Trpy knockdown in wildtype neurons has no effect on lifespan,
while Trpy mutant allele significantly decreases wildtype lifespan.

A. Driver alone control lifespan run in parallel to B. There is a slight extension in
lifespan between RU486 induced and uninduced flies (p=0.02, log-rank test).
Uninduced N=130-140 flies per condition. B. Trpy RNAi/ in neurons of wildtype
flies had no effect on lifespan (p=0.302, log-rank test). N=150 flies per condition.
C. Driver alone control lifespan run in parallel to D. There is a significant extension
in lifespan between RU486 induced and uninduced flies (p=9.4x10'°, log-rank
test). N=130-135 flies per condition. D. Loss of one copy of Trpy in wildtype flies
reduces lifespan (p=0.003, log-rank test). N=100 flies per condition. Genotypes:
elavGS; elavGS/UAS-Trpy RNAI; Trpy[1]/+, elavGS;.

4.3.5. Trpy rescues early hyperactivity phenotype in C9 flies

C9 flies display an early hyperactivity phenotype, with increased locomotor
activity around day 4 (Xu et al., 2023). This early hyperactivity then progresses
to reduced activity prior to organismal death (Atilano et al., 2021). To assess
whether neuronal overexpression of Trpy could rescue this additional
neurodegenerative phenotype of early hyperactivity, motor activity and sleep
were recorded using a Drosophila activity monitor system. For this and

subsequent experiments, we focussed on Trpy-AB (from hereafter referred to as
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Trpy). Like previously reported, neuronal expression of (G4C2)ze for four days led
to a significant increase in total activity over a 24-hour period. This hyperactivity
phenotype was rescued by co-overexpression of Trpy, bringing activity back

down to control levels (Figure 4.10).
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Figure 4.10. Trpy rescues early hyperactivity phenotype in C9 flies.

Total activity of flies expressing (G4Cz2)ss in neurons was significantly increased
compared with matching uninduced controls (****p<0.0001). Co-expression of
Troy with (G4C2)3s prevented this hyperactivity phenotype compared with
matching uninduced flies (ns, p=0.9331). Flies co-expressing Trpy with (G4C2)3s
displayed reduced activity compared to (G4C2)3s alone (***p=0.0003). There was
a significant interaction effect of genotype x RU486 induction (p=0.001). Two-way
ANOVA followed by Tukey’s multiple comparisons test. Data are presented as
mean + S.D. N=31 flies per condition. Genotypes: UAS-(G4C>)s6, elavGS; UAS-
(G4C2)36, elavGS/UAS-Trpy-AB.

Activity and sleep patterns over a 24-hour period were further assessed. The first
12 hours of this period are defined as day with lights on, the subsequent 12 hours
are defined as night with lights off. Activity and sleep traces indicate that C9 flies
have increased activity and decreased sleep over the day and night periods,
ameliorated by Trpy overexpression (Figure 4.11 A and B).
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Figure 4.11. Activity and sleep traces for (G4C2)s6 flies with or without co-
expression of Trpy in neurons.

A. Induced (G4C>)s3s flies have increased day and night activity versus uninduced
controls. Co-expression of Trpy with (G4C2)3s normalizes activity traces to that of
uninduced controls. N=31 flies per condition. B. Induced (G4C:)3s flies have
reduced day and night sleep versus uninduced controls. Co-expression of Trpy
with (G4C2)3s normalises sleep trace to one more closely resembling uninduced
controls. N=31 flies per condition. Genotypes: UAS-(G4C2)3s, elavGS; UAS-
(G4C2)36, €lavGS/ UAS-Trpy-AB.

We next quantified day and night activity and sleep, separately (Figure 4.12). Like
our results for total activity, we found that neuronal expression of (G4C:)zes led to
a significant increase in both day and night activity (Figure 4.12 A and B,
respectively). This hyperactivity phenotype was rescued by co-overexpression of
Trpy, bringing activity back down to uninduced control levels during the day
(Figure 4.12 A) and night periods (Figure 4.12 B). We next measured sleep,
defined as continuous bouts of five or more minutes of inactivity. Given the
increase in activity observed during day and night periods for C9 flies, a
corresponding decrease in sleep would be expected. We found that night sleep
(Figure 4.12 D) but not day sleep (Figure 4.12 C) was significantly decreased in
C9 flies, while Trpy significantly increased day and night sleep compared to flies
expressing (GsC2)zs alone (Figure 4.12 C and D, respectively). Sleep
fragmentation was also assessed by quantifying the number of sleep bouts. C9
flies had a significant increase in night but not day sleep bouts, which was
ameliorated by Trpy (Figure 4.12 E and F).
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Figure 4.12. Trpy overexpression ameliorates early hyperactivity
phenotype in C9 flies.

A and B. (G4C2)3s flies have increased day (**p=0.0036) and night activity
(****p<0.0001) compared to uninduced controls. Trpy co-expression with (G4C2)3s
significantly reduces day activity (**p=0.0014) and night activity (*p=0.0158)
compared to (G4C2)s3s flies alone. C and D. (G4C>)zs flies have reduced night sleep
(****p<0.0001) but not day sleep (ns, p=0.078) compared to uninduced controls.
Trpy co-expression with (G4C2)ze significantly increases day sleep (****p<0.0001)
and night sleep (**p=0.0075) compared to (G4C:)ss flies alone. E and F. (G4Cz2)36
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flies have increased night sleep bouts (***p=0.0001) but not day sleep bouts (ns,
p=0.9988), compared to uninduced controls. Trpy co-expression with (G4C2)3s
significantly reduces night sleep bouts (***p=0.0004) compared to (G4C>)zs flies
alone. Two-way ANOVA followed by Tukey’s multiple comparisons test used for
all comparisons. Data are presented as mean £ S.D. N=31 flies per condition.
Genotypes: UAS-(G4C2)ss, elavGS; UAS-(G4C2)36, elavGS/UAS-Trpy-AB.

4.2.6 Trpy rescue is due to a reduction in poly(GR) levels

Accumulation of poly(GR) is the main driver of toxicity in C9 pure repeat flies,
therefore poly(GR) levels were measured by MSD immunoassay. Trpy
significantly reduced levels of poly(GR), suggesting that rescue is via a reduction
in toxic DPRs (Figure 4.13).

2500+
2000+

1500 ©

10004 [6)

GR counts

500

udl\
\&

Figure 4.13. Neuronal overexpression of Trpy reduces poly(GR) levels.

GR levels in C9 fly heads with or without Trpy co-expression, as determined by
poly(GR) MSD-immunoassay (**p=0.0018, Student’s unpaired t-test). Data is
presented as mean + S.D. N=4 biological replicates, containing 15 fly heads per
replicate. Genotypes: UAS-(G4C2)3s, elavGS; UAS-(G4C2)s6, elavGS/UAS-Trpy-
AB.

This decrease in poly(GR) was not due to indirect effects on the inducible protein
expression system, as levels of an mCD8-GFP protein, also driven by the elav-
Gal4GS driver was not affected by Trpy expression (Figure 4.14).
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Figure 4.14. Neuronal overexpression of Trpy does not affect the inducible
protein expression system.

There was no significant difference (p=0.951) in GFP levels with Trpy expression
(Student’s unpaired t-test). Data is presented as mean + S.D. N=4 biological
replicates, containing 15 fly heads per replicate. Genotypes: UAS-mCDS§-
GFP/elavGS; UAS-mCD8-GFP/elavGS, UAS-Trpy-AB.

4.3 Discussion

4.3.1. Summary of findings

In this Chapter, Trpy and its homologs TRPC4 and TRPCS5, were found to be
transcriptionally dysregulated in C9 Drosophila heads, patient-derived iPSC-
neurons, and post-mortem brains. Neuronal overexpression of Trpy ameliorated
survival and motor activity phenotypes in C9 Drosophila, by reducing poly(GR)
levels, suggesting that upregulation of Trpy is a protective response.

4.3.2. Isoform-specific upregulation

The Trpy-D isoform was found to be specifically upregulated in (G4C2)s3s flies after
5 days of induction with RU486, as determined by qPCR (Figure 4.3). This
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isoform-specific upregulation may be due to a longer C-terminal untranslated
region present in the D isoform of Trpy compared to the A and B isoforms (Figure
4.2). The 3’untranslated region (3'UTR) is involved in post-transcriptional
regulation, with longer 3’UTRs shown to increase transcript stability but reduce
efficiency of translation (Kuersten and Goodwin, 2003; Mayr, 2019). Transcripts
with longer 3'UTRs are more often found in the brain than in other tissues (Hilgers
et al., 2011; Miura et al., 2013), and are specifically enriched among transcripts
encoding transporters and ion channels, permitting an additional layer of post-
transcriptional regulation through microRNA binding (Wehrspaun, Ponting and
Marques, 2014).

4.3.3. Trpy as a modifier of DPR toxicity

Here, we report that Trpy expression in neurons can reduce toxicity in C9
Drosophila by reducing the levels of toxic poly(GR). TRPC4 has previously been
shown to promote autophagy in vascular endothelial cells, through the Ca?*-
CaMKKB-AMPK pathway (Zhang et al., 2015b). A block in late-stage autophagy
has been previously reported in C9orf72 fly models (Xu et al., 2023; Cunningham
et al., 2020). Therefore, further experiments investigating Trpy channel activity,
and effects on autophagy would be informative to understand how exactly Trpy

reduces poly(GR) levels.

Given the modest reduction in poly(GR) levels by overexpression of Trpy in
neurons of C9 Drosophila, Trpy may provide protection by additional means.
Indeed, TRPC4 and TRPCS5 are known to play important roles in neurite
outgrowth (Wu et al., 2008; Greka et al., 2003). Therefore, it would be interesting
to look at whether Trpy rescue is in part due to effects on neurite outgrowth.

Whether the effect of Trpy overexpression on sleep/wake activity is specific to a
C9 disease context, or is an additive effect, has not been investigated here. It will
be beneficial in future experiments to test the effect of Trpy overexpression in

neurons of otherwise wildtype flies to assess whether this can also affect activity
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of flies, particularly given that Trpy mutants have impaired fine motor activity
(Akitake et al., 2015).

The polyunsaturated fatty acids linoleic acid and linolenic acid have been shown
to activate all three Drosophila TRPC ion channels (Riehle et al., 2018; Jors et
al., 2006; Chyb, Raghu and Hardie, 1999). Linoleic and linolenic acid
supplementation can increase survival of C9 flies (Chapter 5), which may be in
part due to activation of Trpy.

4.3.4. Potential involvement of TRPC channels in ALS

Here, we report that TRPC4 and TRPC5 mRNA expression is dysregulated in
CO9ALS/FTD iPS motor neurons and post-mortem brains. Riluzole, one of the few
approved drugs for treating ALS, is a potent agonist of TRPCS channels, yet the
involvement of TRPC channels in this neurodegenerative disease has not yet
been studied (Yang, Wei and Chen, 2022; Zhu et al., 2019; Richter, Schaefer and
Hill, 2014; Miller, Mitchell and Moore, 2012). TRPC4 and TRPCS, are upregulated
in patient-derived iPS motor neuron transcriptomic datasets, which is likely to
represent an early disease stage, whereas TRPC4 expression levels are
decreased in end-stage C9orf72 ALS post-mortem cortical excitatory neurons.
Given that neuronal overexpression of Trpy rescues multiple neurodegenerative
phenotypes associated with expression of expanded Gi4C. repeats, early
upregulation of Trpy and TRPC4/5 is likely a protective response which fails in
end stage disease, and this reduction in Trpc4 expression may contribute to
neurodegeneration. Therefore, further studies investigating whether
overexpression of TRPC4 or TRPCS can reduce C9orf72 toxicity in mammalian
models are needed.

4.3.5. Conclusions

Trpy has been identified as a genetic modifier of C9orf72 toxicity in Drosophila,
extending survival and ameliorating motor impairments by decreasing poly(GR)
levels. Given that the homologs of Trpy, TRPC4 and TRPCYS are transcriptionally
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dysregulated in C9orf72 patient iPSC neurons and post-mortem brains, and that
riluzole can activate TRPC5 channels, further experiments investigating the
potential of TRPC4 or TRPCS5 to modify C9orf72 toxicity in mammalian models is
warranted.

127



Chapter 5 - Neuronal polyunsaturated fatty
acids are protective in C9orf72 ALS/FTD

5.1 Introduction

Lipids are a diverse class of biomolecules that play a variety of important roles in
cells, serving as structural components of membranes, acting as bioactive
intercellular signaling molecules, and providing a key energy source through fatty
acid oxidation (van Meer, Voelker and Feigenson, 2008). Fatty acids (FAs), serve
as the building blocks of most complex lipid classes, including
glycerophospholipids,  triacylglycerols  (TGs), diacylglycerols  (DGs),
sphingolipids, ceramides, and cholesterol esters. Diversity between these lipid
classes is conferred by head group composition, attachment to aliphatic chains,
and conjugation to fatty acids (Holthuis and Menon, 2014; Fahy et al., 2009). The
presence or absence of double bonds in the acyl chain of fatty acids determines
its saturation profile - saturated fatty acids have no double bonds in their acyl
chain, monounsaturated fatty acids contain one, whereas polyunsaturated fatty
acids (PUFAs) contain at least two double bonds. The length of the fatty acid acyl
chain, the number and position of double bonds, as well as head group
composition influences the physicochemical properties of complex lipids and
therefore can influence physiological functions of lipids (Holthuis and Menon,
2014; de Kroon, Rijken and De Smet, 2013) .

Lipids constitute greater than 50% of the human brain in dry weight, yet the
contribution of lipids to neurodegenerative diseases has been understudied until
recent years, when compared to other classes of biomolecules such as RNA or
proteins (Piomelli, Astarita and Rapaka, 2007). This is largely due to technical
difficulties in the detection of lipids, however a revolution in lipidomic technologies
is now providing the opportunity to investigate the role of lipids in maintaining
neuronal health, and to reveal whether lipid dysregulation may contribute to
neurodegenerative diseases (Hornburg et al., 2023; Murphy, 2018; Schmelzer et
al., 2007; Wenk, 2005; van Meer, 2005).
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Recent work has begun to link dysregulated lipid homeostasis to
neurodegenerative diseases, including ALS/FTD. Several studies have shown
altered levels of lipid species in ALS/FTD patient post-mortem tissue (Hanrieder
and Ewing, 2014), cerebrospinal fluid (Sol et al., 2021; Blasco et al., 2017), and
blood (Area-Gomez et al., 2021, FernAndez-Eulate et al., 2020; Dorst et al.,
2011), as well as ALS rodent models (Chaves-Filho et al., 2019). Dysregulation
of TG metabolism has been linked to ALS, with decreased TG levels associated
with faster disease progression (Sol et al., 2021) and shorter survival (Dorst et
al., 2011). PUFAs have also been linked to ALS pathogenesis, as multiple
epidemiological studies have demonstrated that increased dietary consumption
of PUFAs, particularly omega-3 (w3) PUFAs, is associated with decreased risk
of disease (Fitzgerald et al., 2014; Veldink et al., 2007). Higher levels of the PUFA
a-linolenic acid (C18:3, w3) have been associated with a longer survival and
slower functional decline after disease onset in ALS patients (Bjornevik et al.,
2023). The PUFAs docosahexaenoic acid (DHA; 22:6, w3), and arachidonic acid
(AA; 20:4 w6) are particularly enriched in the brain and both have been linked to
disease pathogenesis, with DHA and its mediators involved in anti-inflammatory
signaling, while AA and its mediators are generally pro-inflammatory (Bazinet and
Layé, 2014).

Despite the accumulating evidence implicating altered lipid metabolism,
particularly involving PUFAs in ALS/FTD, it is yet to be determined if PUFA-
containing lipids are altered in ALS/FTD neurons and whether this contributes
directly to neuronal loss. Therefore, the aim of this study was to characterize
potential lipid alterations in ALS/FTD neurons and possible involvement in

mediating neuronal toxicity.

Here, we performed RNA sequencing on C9 Drosophila heads at an early
timepoint to identify early dysregulated pathways associated with GGGGCC
repeat expansion. This C9 Drosophila model expresses 36 GGGGCC repeats
upon feeding with the drug RU486, which is done post-eclosion to avoid
developmental expression. Using the elavGS driver, we restricted expression of
these toxic repeats to neurons. RNA sequencing was performed after five days
induction with RU486, a time prior to overt neurodegeneration. Fatty acid and
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lipid metabolism pathways were enriched among downregulated genes, with
multiple genes encoding enzymes in the canonical fatty acid synthesis and
desaturation pathway downregulated. Remarkably, this transcriptomic
downregulation of fatty acid synthesis and desaturation was conserved in human
ALS post-mortem spinal cord. Lipidomic assays in COALS/FTD iPSC-neurons
revealed a loss of highly unsaturated phospholipid species. Similar reductions in
highly unsaturated phospholipids was found upon lipidomic analyses of
frontotemporal lobar degeneration (FTLD) post-mortem brain tissue, particularly
in the frontal cortex. Finally, promoting neuronal lipid unsaturation by desaturase
overexpression was sufficient to extend survival in C9 flies and protect against
excitotoxicity in C9 iPSC-derived motor neurons. In summary, we have identified
alterations in neuronal lipid metabolism, particularly involving phospholipid
saturation, conserved across disease models and species implicating this as a
novel pathway in the pathogenesis of COALS/FTD. These results suggest that
modulating neuronal lipid metabolism is a potent approach for ameliorating C9-

associated neurodegeneration.

5.2 Results

5.2.1 Transcriptomics of C9 Drosophila heads identifies lipid metabolism

as an early dysregulated pathway

To identify early dysregulated pathways related to DPR toxicity, RNA sequencing
was performed at an early timepoint of 5 days in a Drosophila model of
CO9ALS/FTD, which expresses 36 GGGGCC repeats exclusively in adult neurons
(Mizielinska et al., 2014). Gene ontology enrichment analysis was performed on
significantly differentially expressed genes between RU486 induced and
uninduced fly heads. Microtubule based movement, G protein-coupled receptor
signalling pathway and detection of stimulus were the only three pathways
enriched among upregulated genes (Figure 5.1 B). Multiple pathways related to
metabolism, and specifically fatty acid and lipid metabolism, were enriched
among significantly downregulated genes. These included carboxylic acid
catabolic and biosynthetic processes, cellular lipid catabolic process, fatty acid
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metabolic process, lipid modification as well as processes related to immune
response (Figure 5.1 B). Genes encoding enzymes in the fatty acid synthesis and
desaturation pathway were downregulated in C9 Drosophila heads including
acetyl Coenzyme A synthase (AcCoAS), fatty acid synthase 1 (FASN1), fatty acid
synthase 2 (FASNZ2) and desaturase 1 (Desat1) (Figure 1C, D). Quantitative PCR
confirmed downregulation of a selection of these genes (AcCoAS, FASN1 and
Desat1) encoding enzymes acting at various stages of fatty acid synthesis and

desaturation (Figure 1 D and E).

RNA library preparation, sequencing and DESeq2 analysis was carried out by

UCL Genomics core facility. GO analysis was performed by Dr Alla Mikeenko.
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Figure 5.1. Lipid metabolism is an early dysregulated pathway in (G4C2)36
Drosophila.

A. RNA sequencing experimental design. B. Gene Ontology (GO) biological
process enrichment analyses showing lipid metabolism terms significantly
enriched among downregulated genes in C9 flies. C. Volcano plot highlighting
AcCoAS, FASN1, FASN2 and Desat1 as significantly downregulated in (G4C2)3s
flies. D. Simplified canonical lipid synthesis and desaturation pathway highlighting

132



genes that are downregulated in C9 flies (in blue). E. Confirmation of reduction in
AcCoAS, FASN1 and Desat1 in C9 fly heads by qPCR, normalised to aTub84B
(*p<0.05, ***p<0.001). N=4 biological replicates (15 fly heads per replicate).
Genotype: UAS-(G4C>)3s, elavGS.

5.2.2 Conserved transcriptomic dysregulation of lipid metabolism in ALS

patient post-mortem spinal cord and brain

We analysed a recently published RNA sequencing dataset from ALS post-
mortem cervical spinal cord. This dataset consisted of 149 ALS patients in total,
of which 39 had a C9orf72 mutation and 40 non-neurological disease controls
from the New York Genome Center ALS Consortium (Humphrey et al., 2023).
Multiple orthologous genes in the fatty acid synthesis and desaturation pathway
were downregulated in ALS post-mortem cervical spinal cord. These included
ACACA (orthologous to Drosophila ACC), ACSS2 (orthologous to Drosophila
AcCoAS), FASN (orthologous to Drosophila FASN1 and FASNZ2), ELOVLT,
ELOVL2 and ELOVL6 (orthologous to Drosophila Baldspof) and SCD
(orthologous to Drosophila Desat1) (Figure 5.2).
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Figure 5.2. Fatty acid synthesis and desaturation pathway genes are
downregulated in C9ALS patient post-mortem cervical spinal cord.

A. Simplified canonical fatty acid synthesis and desaturation pathway highlighting
genes that are decreased in human ALS patient cervical spinal cord. Human
genes are in grey, with Drosophila orthologs in white. Blue border indicates
significant downregulation in either the C9 Drosophila RNA-seq dataset, or the
ALS post-mortem cervical spinal cord RNA-seq dataset B. Volcano plot of RNA-
seq data from cervical spinal cord of 39 patients with C9orf72 ALS and 40 non-
neurological disease controls from the New York Genome Center ALS
Consortium (Humphrey et al., 2023), highlighting downregulated canonical fatty
acid synthesis and desaturation pathway genes. C. Volcano plot of RNA-seq data
from cervical spinal cord of 149 patients with ALS and 40 non-neurological
disease controls from the New York Genome Center ALS Consortium (Humphrey
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et al., 2023), highlighting downregulated canonical fatty acid synthesis and
desaturation pathway genes.

5.2.3 Lipidomics of C9 fly heads reveals class disturbances in complex
lipids

To assess lipid alterations related to this transcriptional deregulation, we
performed quantitative shotgun lipidomics on C9 fly heads. Dr Bebiana Da Costa
Sousa and Dr Andrea Lopez (Babraham Institute, Cambridge) performed the LC-
MS/MS lipidomics. TGs were globally decreased in C9 Drosophila heads versus
uninduced controls (Figure 5.3 B, Figure 5.4 A and B). Significant lipid class
alterations were observed, with TGs and O-TGs decreased, while
galactosylceramide (Gal-Cer) and glucosylceramide (Glc-Cer) were increased in
C9 Drosophila heads versus controls (Figure 5.4 A). An independent colorimetric
assay was used to quantify TGs, which confirmed that TGs are decreased in C9
Drosophila heads (Figure 5.4 B). Drosophila heads contain the head fat body,
which is rich in lipids, particularly TGs. Therefore, the presence of this tissue may
mask neuronal lipid alterations. Additionally, it would have been beneficial to
include a control for RU486 feeding alone, as it is possible that RU486 could itself
lead to lipidomic changes in flies.
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Figure 5.3. Lipidomics of C9 flies reveals class disturbances.

A. Experimental design for fly lipidomic experiment. Flies were induced with
RU486 at 2 days post-eclosion, and induced for 7 days before collecting heads
for lipidomic analysis. B. Volcano plot highlighting significantly downregulated or
upregulated lipid species in (G4C2)ss induced versus uninduced fly heads.
Gridlines are set to -Log10(adjusted p-value) = 1.3 on the y-axis, equivalent to
adjusted p-value <0.05 and Log2(Fold change) = 1 on the x-axis. N=4 biological
replicates per condition. Volcano plot of differentially expressed lipid species
were plotted using VolcaNoseR. Genotype: UAS-(G4C3)ss, €lavGS.
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Figure 5.4. Lipidomics of C9 flies reveals class disturbances.
A. Triacylglycerol (TG) and alkyl-triacylglycerol (O-TG) were decreased in
induced flies, while the sphingolipids alpha-galactosyl ceramide (Gal-Cer) and
glucosylceramide (Glc-Cer) were significantly increased in induced versus
uninduced flies. B. Confirmation of TGs as decreased in C9 Drosophila induced
versus uninduced fly heads, using a colorimetric assay. Student’s unpaired t-test,
p=0.032. Genotype: UAS-(G4C2)s3s, elavGS.
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5.2.4 Dysregulated fatty acid synthesis and desaturation directly
contributes to neurotoxicity in vivo in a Drosophila model of C90rf72 repeat

expansion

To test whether dysregulated lipid metabolism directly contributes to
neurotoxicity, we asked whether overexpression of fatty acid synthase or
desaturase genes, which encode enzymes that produce long chain fatty acids
and PUFAs, could prevent C9-associated neurodegeneration. Indeed, neuronal
overexpression of fatty acid synthases FASN1 or FASNZ2 was sufficient to extend
the survival of C9 flies (Figure 5.5 A and B). Both FASN7 and FASNZ2 extended
median survival from 13.5 days to 20 days, an increase of 48%. Overexpressing
the fatty acid desaturase Desat? in neurons of (G4C2)3s flies significantly
extended survival, increasing median survival from 15 days to 25 days, an
increase of 67% (Figure 5.5 C). Furthermore, neuronal expression of C. elegans
fat-2, that encodes a A12 fatty acid desaturase which produces the essential
PUFAs linoleic acid and a-linolenic acid from monounsaturated fatty acids (Suito
et al., 2020), was sufficient to extend survival of C9 flies, providing the largest
genetic rescue, extending median survival by 83%, from 15 days to 27.5 days
(Figure 5.5 D). Furthermore, supplementing fly food with the essential
polyunsaturated fatty acids linoleic acid (C18:2) or a-linolenic acid (C18:3) each
extended median survival of C9 flies by 12.5% (Figure 5.6 A and B, respectively).
This data shows that enhancing FA desaturation in neurons is a potent method

of protecting against C9 repeat toxicity.
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Figure 5.5. Genetic manipulation of fatty acid synthesis and desaturation
is sufficient to extend survival of C9 flies.

A. Simplified lipid synthesis and desaturation pathway, including C. elegans FAT-
1 and FAT-2. B. Neuronal overexpression of FASN1 extends survival of C9 flies
(p=1.157x10"°). C. Neuronal overexpression of FASN2 extends survival of C9
flies (p=0.003). D. Neuronal overexpression of Desat1 extends survival of C9 flies
(p=5.839x10-2%). E. Neuronal overexpression of fat-2 extends survival of C9 flies
(p=5.119x10-%8). Log-rank test was used for all comparisons. Genotypes: UAS-
(G4C2)ss, elavGS; UAS-(G4C3)3s/UAS-FASN1, elavGS; UAS-(G4C2)3s /UAS-

FASN2, elavGS; UAS-(G4C2)3s, elavGS/UAS-Desat1; UAS-(G4C2)se,
elavGS/UAS-fat-2.
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Figure 5.6. Pharmacological manipulation of fatty acid desaturation is
sufficient to extend survival of C9 flies.

A. Supplementation of linoleic acid (0.15 mM) extends survival of C9 flies
(p=5.697x10°). B. Supplementation of a-linolenic acid (0.15 mM) extends
survival of C9 flies (p=2.951x10%). Log-rank test was used for all comparisons.
Genotypes: UAS-(G4C2)s3s, elavGS.

Genetic rescues were not due to an effect on DPR levels as poly(GP) levels in
(G4C2)36 fly heads were unchanged by overexpression of either FASN71 or FASN2
(Figure 5.7 A) or overexpression of Desat1 or fat-2 (Figure 5.7 B). Therefore,
enhancing fatty acid synthesis and desaturation is neuroprotective, downstream

of DPRs, making neurons more resistant to DPR toxicity.

A B
ns
ns
50000~ ns 40000+ N
1
40000 . 30000~ \ !
€ 30000- E T
2 - g 200004 :l'
o 20000- o o
o @ .]_
. _ -
ooood |22 J_ 10000 . :
0 T T 0 I I I
& F & & & F
S D S
>
b&o ?9 ?‘:O W d Q?"
& & D & &
S S
KA KA
\ © & <

140



Figure 5.7. Overexpression of fatty acid synthases or desaturases does
not alter poly(GP) levels.

A. Co-expression of FASN1 or FASN2 does not alter GP levels in (G4C2)3s fly
heads. B. Co-expression of Desat1 or fat-2 does not significantly alter GP levels
in (G4Cz2)36 fly heads. One-way ANOVA, followed by Tukey’s post-hoc test. Data
presented as mean + S.D. Genotypes: UAS-(G4C2)3s, elavGS; UAS-
(G4C2)36/UAS-FASN1, elavGS; UAS(G4C2)3s/UAS-FASN2, elavGS; UAS-
(G4C2)36, elavGS/UAS-Desat1; UAS-(G4C2)36, elavGS/UAS-fat-2.

Genetic rescues were specific to disease as overexpressing fatty acid synthases
or desaturases in neurons of healthy control flies either had no effect on survival,
or increased survival to a smaller magnitude than that seen in the context of
C9orf72 repeats (Figure 5.8). Neuronal expression of FASNT in wildtype flies
significantly increased lifespan, increasing median survival by 13% from 68 days
to 77 days (Figure 5.8 B). Neuronal overexpression of FASNZ2 did not significantly
alter lifespan of wildtype flies (Figure 5.8 C). Neuronal overexpression of Desat1
in wildtype flies significantly increased lifespan, increasing median survival by
12%, from 81.5 days to 91 days. (Figure 5.8 E). Neuronal overexpression of fat-
2 did not significantly affect lifespan of wildtype flies (Figure 5.8 F).
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Figure 5.8. Lifespans of wildtype flies overexpressing fatty acid synthases
or desaturases.

A. Driver alone control lifespan run in parallel to B and C. There is no difference
in lifespan between RU486 induced and uninduced flies (p=0.408). B. FASN1
overexpression in neurons of wildtype flies extends lifespan (p=3.386x10%). C.
FASNZ2 overexpression in neurons of wildtype flies has no effect on lifespan
(p=0.866). D. Driver alone control lifespan run in parallel to E and F. There is no
difference in lifespan between RU486 induced and uninduced flies (p=0.197). E.
Desat1 overexpression in neurons of wildtype flies extends lifespan (p=1.567x10"
10). F. Overexpression of fat-2 in neurons of wildtype flies has no effect on lifespan
(p=0.589). N=150 flies per condition. Log-rank test used for all comparisons.
Genotypes: elavGS; elavGS/UAS-FASN1; elavGS/UAS-FASN2; elavGS/UAS-
Desat1; elavGS/UAS-fat-2.
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5.2.5 Feeding polyunsaturated but not saturated or monounsaturated fatty
acids extends C9 Drosophila survival

To determine whether the saturation profile of supplemented long chain fatty
acids has any effect on C9orf72 repeat toxicity, a direct comparison between
saturated, monounsaturated, and polyunsaturated fatty acids was performed.
The saturated fatty acids palmitic acid (C16:0) and stearic acid (C18:0), and the
monounsaturated fatty acid oleic acid (C18:1) were selected. The essential
polyunsaturated fatty acids linoleic acid (C18:2) and a-linolenic acid (C18:3)
which were previously shown to increase survival of C9 flies (Figure 5.6) were
also included. Drosophila lack C20 and C22 PUFAs, therefore these were not
tested (Shen et al., 2010). Fatty acids were supplemented in Drosophila food at
three different concentrations, selected based on previous literature (Mori et al.,
2019; Randall et al., 2015; Shen et al., 2010). Experiments were performed in
parallel with one shared control (0 mM) (Figure 5.9). Supplementation of
saturated or monounsaturated fatty acids either had no significant effect on
survival of C9 flies or significantly decreased survival, in the case of stearic acid
(C18:0), at the 15 mM concentration (p=0.008) (Figure 5.8 B-D). Only
supplementation of the PUFAs linoleic acid (C18:2) and a-linolenic acid (C18:3)
increased C9 Drosophila survival at the concentrations tested. Linoleic acid
supplemented at 0.15 mM (p=0.036) and 1.5 mM (p=0.002), and a-linolenic acid,
supplemented at 0.15 mM (p=0.049) extended survival of C9 Drosophila. These
results show that supplementation of PUFAs, rather than saturated or

monounsaturated fatty acids, are protective in C9 Drosophila.
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Figure 5.9. Lifespans of C9 flies fed saturated, monounsaturated, and
polyunsaturated long chain fatty acids.

A. Structure and saturation of selected fatty acids. B. Palmitic acid had no
significant effect on survival of C9 flies at any of the concentrations tested (0.15
mM, p=0.052, 1.5 mM p=0.182, 15 mM p=0.473). C. Stearic acid had no
significant effect at 0.15 mM (p=0.079) or 1.5 mM (p=0.992), but significantly
decreased survival at 15 mM (p=0.008). D. Oleic acid had no significant effect on
survival at any of the concentrations tested (0.15 mM, p=0.285, 1.5 mM p=0.782,
15 mM p=0.186). E. Linoleic acid significantly increased survival of C9 flies at
0.15 mM (p=0.036) and 1.5 mM (p=0.002) concentrations, but not 15 mM
(p=0.663). F. Supplementation of a-linolenic acid significantly increased survival
of C9 flies at 0.15 mM (p=0.049), but not at 0.015 mM (p=0.055) or 1.5 mM
(p=0.216). N=135-150 flies per condition. All log-rank test. Genotype: UAS-
(G4C2)3s, elavGsS.
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The extensions in survival observed by PUFA supplementation were specific to
disease, as supplementing wildtype flies with linoleic acid or a-linolenic acid,
either decreased or had no effect on wildtype survival. All flies were fed RU486
at 200 uM to match conditions in which rescue was observed for (G4C>)zs flies.
Linoleic acid supplementation had no effect on wildtype lifespan at 0.15 mM and
significantly shortened wildtype lifespan at the 1.5 mM, decreasing median
survival by 8%, from 92.5 days to 85 days (Figure 5.10 A). Similarly, a-linolenic
acid supplementation had no significant effect on lifespan at 0.015 mM, but
significantly shortened lifespan of wildtype flies at 0.15 mM, decreasing median
survival by 6%, from 92.5 to 87 days (Figure 5.10 B).
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Figure 5.10. Lifespans of wildtype flies fed linoleic or a-linolenic acid.

A. Linoleic acid supplementation had no effect on wildtype lifespan at 0.15 mM
(p=0.162) and significantly shortened wildtype lifespan at the 1.5 mM
(p=4.352x10°) concentration. B. a-linolenic acid supplementation had no effect
on wildtype lifespan at 0.015 mM (p=0.599), and significantly shortened wildtype
lifespan at the 0.05 mM concentration (p=6.22x10). N=150 flies per condition.
All log-rank test. Genotype: elavGS.

The RU486 inducible elavGS driver requires flies to consume RU486 in the food.
One possible explanation for the small lifespan extensions with PUFA
supplementation is reduced feeding behaviour, and therefore less induction of
the (G4C2)3s transgene. To exclude this possibility, feeding behaviour was

assessed with the proboscis extension assay. Proboscis extension response was
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not significantly altered 24 hours after exposure to RU486, or linoleic or a-
linolenic acid, in wildtype flies (Figure 5.11 A) or (G4C2)ss flies (Figure 5.11 B).
Therefore, the lifespan extensions observed in C9 Drosophila with linoleic acid or
a-linolenic supplementation are due to a protective effect, and not due to

alterations in feeding behaviour.
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Figure 5.11. Food supplementation with linoleic or a-linolenic acid does
not alter proboscis extension response of wildtype or C9 flies.

A. Food supplementation with linoleic or a-linolenic acid does not alter proboscis
extension response of wildtype flies. B. Food supplementation with linoleic or a-
linolenic acid does not alter proboscis extension response of C9 flies. Flies were
placed onto new food 24 hours before assay was performed, at a density of five
flies per vial, N=7-9 biological replicates. All groups were induced with RU486
except for the uninduced conditions. Two-way ANOVA with Tukey’s multiple
comparison test was used to calculate statistical significance. Data presented as
mean + S.D. Genotypes: elavGS; UAS-(G4C>)s6, elavGS.

5.2.6 Neuronal expression of a Drosophila desaturase gene, that
synthesises di-unsaturated long chain fatty acids also extends survival of
C9 flies

Drosophila, like mammals, in general cannot synthesise essential PUFAs.
However, Fad2 is a female-specific transmembrane desaturase enzyme in

Drosophila that synthesises cuticular long chain di-unsaturated fatty acids, that
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act as sex pheromones (Shirangi et al., 2009; Chertemps et al., 2006). To assess
whether ectopic expression of this endogenous desaturase in neurons could also
modify C9orf72 repeat toxicity, UAS-Fad2 flies were generated. After
backcrossing for six generations, UAS-Fad2 was ectopically expressed in adult
neurons using the elavGS driver. Overexpression of Fad2 in neurons of (G4C2)3s
flies was sufficient to extend survival, increasing median survival by 21%, from
11 to 14 days (Figure 5.12). This demonstrates that multiple approaches
increasing fatty acid desaturation can extend C9 Drosophila survival.
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Figure 5.12. Neuronal overexpression of Fad2 extends survival of C9 flies.
Survival curve of (G4C2)36 expressing flies, with or without co-expression of Fad2
(p=3.367x10""", by log-rank test). N=100-110 flies per condition. Genotypes:
UAS-(G4C2)3s, elavGS; UAS-(G4C2)3s, elavGS/UAS-Fad2.

5.2.7 Desaturase overexpression in (G4C2):se neurons ameliorates cold-

stress sensitivity

Lipid unsaturation is known to influence the biophysical properties of cellular
membranes, particularly the packing of membrane phospholipids with resulting
effects on membrane fluidity (Levental et al., 2020; Rawicz et al., 2000). Since
temperature can impact membrane fluidity, poikilothermic Drosophila must
acclimate to temperature fluctuations for survival (Brankatschk et al., 2018;
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Slotsbo et al., 2016). Drosophila have been shown to undergo homeoviscous
adaptation, switching feeding preference from yeast to plants, thereby increasing
incorporation of plant-derived PUFAs into lipid bilayers in response to cold
exposure (Brankatschk et al., 2018). Therefore, Drosophila that have
dysregulated expression of desaturases, and unsaturated fatty acids might be
expected to have a heightened sensitivity to cold stress, while desaturase
overexpression may compensate for this phenotype. To test this hypothesis,
Drosophila were exposed to 4°C for 18 hours, which causes a cold-induced
paralysis (Moraru et al., 2017). Recovery was scored after one hour at room
temperature. Whereas all uninduced control flies were alive and walking after this
period, 42% of flies expressing (G4+C2)3s were dead, and 54% were partially
paralysed, with only 2% alive and walking. Overexpressing either Desat1 or fat-
2 in neurons prevented death after cold exposure in (G4C2)ze flies. Desat1
neuronal overexpression in (G4Cz2)36 flies led to 24% partial paralysis, and 76%
full recovery. Neuronal overexpression of fat-2 in (G4C2)ss flies led to 18% partial
paralysis, and 82% full recovery (Figure 5.13).
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Figure 5.13. Desat1 and FAT-2 ameliorate cold-stress sensitivity of C9
flies.

A. Schematic diagram of cold stress assay. Flies were exposed to 4°C, which
induces a chill coma or cold-induced paralysis response. Membrane unsaturation
influences tolerance to cold-stress, with higher membrane unsaturation providing
greater tolerance to cold stress. After 18 hours, flies were moved to room
temperature for 1 hour, and recovery was assessed. B. (G4C2)ss flies are sensitive
to cold stress, with significantly increased death (p=0.047), increased partial
paralysis (p=0.007), and decreased recovery evident as walking (p<0.0001)
compared to uninduced controls. Overexpression of Desat? in (G4C2)ss flies
significantly increased the proportion of flies experiencing a full recovery
compared to (G4Cz)36 alone (p=0.0003), and significantly reduced death post-
exposure compared to (G4C2)3s alone (p=0.047). Overexpression of fat-2 in
(G4C2)s6 flies significantly increased the proportion of flies experiencing a full
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recovery (p<0.0001) and significantly reduced death post-exposure compared to
(G4C2)36 alone (p=0.047). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. N=3
biological replicates, containing 15 flies per replicate vial. Two-way ANOVA
followed by Tukey’s post-hoc test. Data presented as mean + S.D. Genotypes:
UAS-(G4C2)ss, elavGS; UAS-(G4C2)3s, elavGS/UAS-Desat1; UAS-(G4C2)ss,
elavGS/UAS-fat-2.

For the following results in this chapter, relating to lipidomics, Dr Alex Cammack,
a postdoctoral fellow in the Isaacs lab performed the cell culture with Ashling
Giblin. Dr Cammack designed the (G4C2)92 and (G4Cz)2 lentiviral constructs and
performed analyses of lipidomic data. Dr Mireia Carcole performed the MSD
immunoassays. Professor Tammaryn Lashley, director of research at the Queen
Square Brain Bank UCL, processed and provided post-mortem brain tissue used
for lipidomics. Niek Blomberg, a research technician in the lab of our collaborator,
Dr Martin Giera (Leiden, Netherlands) performed lipidomics on all neuronal and

brain samples.

5.2.8 Lipid unsaturation is altered in C90orf72 iPSC-neuronal models

To determine whether lipid alterations were conserved in mammalian models of
C9orfr2 ALS/FTD, targeted lipidomics was performed on C9orf72 patient iPSC-
cortical neurons using the Lipidyzer platform (Figure 5.14 A). Specific changes in
phospholipid species were identified, characterised by a shift from unsaturated to
saturated lipids, with a striking decrease of phospholipids containing highly
unsaturated fatty acids, with four or more double bonds (Figure 5.14 F). To
assess whether lipid alterations could be recapitulated by introducing G4C:
repeats into healthy neurons, control i3 cortical neurons were transduced with
(G4C2)92 or (G4C2)2 lentivirus and unbiased shotgun lipidomic analyses was
performed at DIV 21. (G4Cz2)e2 transduction in i3 neurons showed similar findings
to the C9orf72 patient neurons, with specific reduction of phospholipids
containing the highly unsaturated PUFAs (Figure 5.14 F). DPR production in cells
transduced with the (GsCz)e2 lentivirus was confirmed by poly(GA) MSD
immunoassay (Figure 5.14 D). After establishing a clear lipid signature in C9
models of decreased PUFA-containing phospholipids, we wondered whether this
signature could be prevented by antisense oligonucleotide (ASO) treatment
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targeting the GGGGCC expanded repeat sequence. To this end, C9 patient
cortical neurons were treated with a C9orf72 sense ASO from DIV 3 until DIV 21,
at which timepoint lipidomics was performed. ASO treatment significantly
reduced DPRs, confirming it was effective at reducing C9orf72 repeat RNA levels
(Figure 5.14 E). The ASO prevented much of the perturbed lipid signature
observed in C9orf72 patient neurons, demonstrating that the lipid signature
observed across C9orf72 models is caused the presence of expanded repeats
(Figure 5.14 F). Details and sequences of ASOs used are provided in Chapter 2
Methods, section 2.21.
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Figure 5.14. The presence of C90rf72 hexanucleotide repeats causes a
shift from unsaturated to saturated lipids.
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A. C9orfr2 iPSC-derived neuron lines (or isogenic controls) were induced with i3
NGN2 protocol and grown to DIV 21 for lipidomic analyses. To confirm C9-
specificity of lipid changes, control lines were transduced with novel (G4Ca2)92
repeat lentivirus (or (G4C2)2 control), and repeats were knocked down with a
C9orf72 sense-targeted antisense oligonucleotide (ASO; or a non-targeting (NT)
control) in the C90rf72 lines. B. Representative images of 2H9 isogenic control
neurons transduced with (G4C2)92 or (G4Cz2). lentivirus co-expressing GFP. C.
Confirmation of GA dipeptide production in C9orf72 lines determined by MSD
immunoassay at DIV 21. D. Confirmation of GA dipeptide production in control
neurons transduced with (G4C2)92 determined by MSD immunoassay at DIV 21.
E. Confirmation of C9orf72 knockdown, by GA MSD immunoassay in C9orf72
neurons treated with a C9orf72 sense-targeted antisense oligonucleotide (ASO)
at DIV 21. F. Heatmap displaying all detected phospholipids as fold-change over
control in each experiment and line. Highly unsaturated phospholipid species (>4
double bonds) are reduced in C90orf72 and LV-(G4Cz2)e2 lines but increased in
C9orf72 lines treated with the C9-ASO, indicating that these lipid changes are
specific to the presence of C9orf72 repeats. N=3 biological replicates (individual
iPSC lines) and n=2-3 technical replicates.

5.2.9 Lipid unsaturation is altered in FTD patient post-mortem frontal cortex

Given the conserved lipid signature observed across multiple models of C9orf72
ALS/FTD at relatively early timepoints, we next asked whether this signature
persists throughout the disease course in patients. To address this question,
lipidomics was performed on post-mortem frontal cortex brain tissue from 47
individuals with a pathological diagnosis of FTLD, 15 of which had a C9orf72
mutation, and 13 age-matched, non-neurological controls. Similar to the lipid
changes observed in pure neuronal culture models of C9orf72 ALS/FTD, a
decrease in phospholipids containing highly unsaturated PUFAs was observed in
C9orf72 FTLD frontal cortex compared to non-neurological controls (Figure 5.15
D). In contrast to our results in C90rf72 neuronal monocultures, a decrease in
phospholipids containing the PUFA linoleic acid (C18:2), was found in C9orf72
FTLD frontal cortex. Additionally, while the highly unsaturated PUFA arachidonic
acid (C20:4) was decreased in C9orf72 neuronal models, we found an increase
in AA-containing phospholipids in C9orf72 FTLD brains versus non-neurological
controls. These differences between iPSC neuronal models and patient post-

mortem brains are likely due to different disease stages, and complex tissue
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versus neuronal monoculture. Despite these differences in complexity and
disease stage, the largely conserved loss of PUFA containing phospholipids is
quite remarkable.

A strikingly similar lipidomic profile was observed between FTLD-all and FTLD-
C9 groups versus non-neurological controls, with a specific loss of phospholipids
containing highly unsaturated PUFA species (Figure 5.15 D). This indicates that
phospholipid PUFA dysregulation is not only found in C9orf72 mutation carriers
but can also be found in non-C9orf72 FTLD frontal cortex, suggesting a shared
disease mechanism implicating PUFA metabolism (Figure 5.15 D).
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Figure 5.15. Specific polyunsaturated fatty acids are decreased in FTLD
post-mortem frontal cortex grey matter compared to age matched
controls.

A. Schematic of post-mortem brain lipidomics. Post-mortem brains with a
pathological diagnosis of FTLD (N=47), including C9orf72 mutation carriers
(N=15) and age-matched non-neurological controls (N=13) were included. The
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frontal cortex grey matter was used for Lipidyzer lipidomic analyses. B. Heatmap
key for fold changes relative to age matched controls, relevant to C and D. C.
Heatmap depicting fold changes in phospholipids containing 0-3 double bonds in
FTLD-all and FTLD-C9 compared to age-matched controls. D. Heatmap
depicting fold changes in phospholipids containing four or more double bonds
between FTLD-all and FTLD-C9 compared to age-matched controls.

Dr Alyssa Coyne, a collaborator at John Hopkins University, Maryland, performed

the following experiment.

5.2.10. FAT-1 or FAT-2 desaturase expression was sufficient to rescue

glutamate stressor toxicity in C9orf72 patient spinal motor neurons

Finally, to test whether this conserved dysregulation of PUFA metabolism directly
contributes to neurotoxicity, we asked whether overexpression of desaturase
genes, which boost PUFA levels, could prevent C9-associated
neurodegeneration. Indeed, fat-1 and fat-2 overexpression was sufficient to
rescue glutamate toxicity in C9orf72 iPSC-derived motor neurons, decreasing the
proportion of propidium iodide staining compared to C9orf72 motor neurons
transfected with BFP (Figure 5.16 B). Similarly, fat-1 and fat-2 desaturase
overexpression increased cell viability of C9orf72 iPSC-derived motor neurons
after glutamate exposure, measured by Alamar Blue (Figure 5.16 C).
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Figure 5.16. FAT-1 and FAT-2 rescue glutamate stressor induced toxicity
in vitro in C90rf72 patient spinal motor neurons.

A. Experimental design schematic, with timepoints for nucleofection of BFP/fat-
1/fat-2 constructs indicated. At DIV 32, motor neurons were exposed to glutamate
stress (10 uM for 4 hours), after which propidium iodide (PI) and Alamar blue
staining was performed. B. Quantification of the ratio of PI positive spots to DAPI
positive nuclei (quantification of cell death) following 4-hour exposure to 10 yM
glutamate. N=6 control and 6 C9orf72 iPSC lines. Data points represent average
percent cell death across 10 images per well. Two-way ANOVA with Tukey’s
multiple comparison test was used to calculate statistical significance. Data
presented as mean = S.D. C. Percent cell viability as measured by Alamar Blue
following 4-hour exposure to 10 uyM glutamate. N=6 control and 6 C9orf72 iPSC
lines. Data points represent average percent viability from 3 replicate wells for
each condition. Two-way ANOVA with Tukey’s multiple comparison test was used
to calculate statistical significance. Data presented as mean + S.D.

5.3 Discussion

5.3.1 Summary of findings

In this work, lipid metabolism was found to be dysregulated across multiple
models of ALS/FTD, from transgenic C9orf72 Drosophila to C9orf72 patient
iPSC-neurons and C9orf72 repeat-transduced neurons, to ALS patient post-
mortem spinal cord and FTLD post-mortem brain. Transcriptional dysregulation
of canonical fatty acid synthesis and desaturation genes was identified at an early
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timepoint in Drosophila heads neuronally expressing (G4C2)36. Transcriptional
dysregulation of canonical fatty acid synthesis and desaturation genes was
conserved and found to persist to end stage disease in ALS patient post-mortem
spinal cords. Quantitative lipidomic assays in C9orf72 iPSC-derived cortical
neurons and FTLD post-mortem brains identified a loss of highly unsaturated
phospholipids, which was recapitulated by transduction of control iPSC neurons
with 92 GGGGCC repeats, and prevented by treatment with a C9orf72 GGGGCC
ASO, demonstrating a C9orf72 specific lipid disease signature. PUFA
supplementation prolonged survival of C9orf72 Drosophila, while upregulation of
lipid desaturation was sufficient to significantly extend C9orf72 Drosophila
survival and rescue glutamate-induced excitotoxicity in C9orf72 patient iPSC-
derived motor neurons. Overall, the results presented here suggest that
dysregulated PUFA metabolism is a direct contributor to neuronal toxicity in
C9orfr2 ALS/FTD, while modulating neuronal PUFA metabolism is a promising
approach for ameliorating C9orf72-associated neurodegeneration.

5.3.2 Limitations and strengths of this study

Linoleic acid (LA, C18:2) and a-linolenic acid (ALA, C18:3) supplementation
prolonged survival of C9orf72 Drosophila here, however, the magnitude of
survival extension was much less than that seen when desaturases were
neuronally expressed. To reach the brain, PUFAs need to pass the gut barrier,
as well as the brain barrier, and therefore the absolute quantities that reach
neurons is not known. This delivery issue likely explains the differences in survival
benefits observed between genetic overexpression of desaturases versus
pharmacological supplementation of their products. It is also possible that dietary
LA and ALA are mediating their survival benefits in C9orf72 Drosophila through

systemic actions.

The initial findings linking dysregulated lipid metabolism were made in C9
Drosophila heads. Drosophila heads contain the head fat body, and therefore
alterations in lipid metabolism need to be interpreted with this caveat in mind.

Given that large quantities of material were required for the lipidomic analyses, it
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was not practically feasible in this work to perform lipidomics on dissected
Drosophila brains. However, future experiments measuring the mRNA levels of
AcCoAS, FASN and Desat1 in dissected Drosophila brains would be informative

to remove contamination of head fat body from the results.

Here we found that transcriptomic downregulation of genes involved in fatty acid
synthesis and desaturation first observed in our C9 Drosophila model, was
conserved in human ALS post-mortem spinal cord. However, we have not directly
assessed whether this transcriptional deregulation of lipid metabolism is driven
by neurons, or other cell types. However, a recently published single nucleus
RNA sequencing dataset from C9ALS post-mortem frontal cortex excitatory
neurons reported enrichment of lipid metabolism pathways among
downregulated genes, including ‘regulation of lipid metabolic process’, 'lipid
modification' and 'inositol lipid-mediated signalling’ (Li et al., 2023). This suggests
that neurons play a role in the transcriptomic downregulation of lipid metabolism
we have reported here.

A strength of this study was the ability to investigate the impact of C9orf72 lipid
dysregulation specifically in neurons, by using an inducible neuronal driver in
Drosophila and employing pure neuronal cultures from patient iPSCs for lipidomic
analyses. In future studies, it will be important to characterise C9orf72-induced
lipid dysregulation not only in monocultures, but also in co-cultures of neurons
with microglia, astrocytes and oligodendrocytes to more closely model the
complexities of this human disease. Additionally, with the advent of single cell
lipidomic technologies, it will be highly informative to study cellular resistance and
vulnerability in ALS/FTD with regards to lipids (Capolupo, 2023).

5.3.3 Epidemiological evidence for PUFA involvement in ALS/FTD

Previous epidemiological studies have suggested a protective role for dietary
polyunsaturated fatty acids in individuals with ALS (Fitzgerald et al., 2014; Veldink
et al., 2007; Okamoto et al., 2007). A recent study of plasma fatty acids from 449
ALS patients enrolled in the EMPOWER trial revealed that higher levels of plasma
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ALA at baseline are associated with a prolonged survival and slower functional
decline. Furthermore, increased plasma levels of LA as well as the omega-3 fatty
acid, eicosapentaenoic acid (EPA, C20:5) were associated with a reduced risk of

death during follow-up in that study (Bjornevik et al., 2023).

5.3.4 Why are specific PUFAs depleted?

Here, we report that phospholipids containing AA (C20:4) and adrenic acid (AdA)
(C22:4) are specifically depleted in C9orf72 iPSC-neurons. Phospholipids
containing AdA and DHA (C22:6) were also depleted in FTLD post-mortem frontal
cortex, while phospholipids containing AA were increased. Why AA is decreased
in C9orf72 cortical neurons but increased in post-mortem frontal cortex is possibly
due to differences in disease stage as well as neuronal culture versus complex
tissue. LA and ALA are essential PUFAs that must be obtained from the diet, and
serve as precursors for both arachidonic acid (AA) and docosahexaenoic acid
(DHA) (Bazinet and Layé, 2014). Therefore, it is possible that dietary intake of
these precursors is not sufficient or is reduced in patients, or that the transport of
PUFAs to the brain is impaired. Alternatively, altered esterification (attachment of
PUFAs to phospholipids) or processing of PUFAs in ALS/FTD neurons and brains
might be responsible for the decreased PUFA containing phospholipids reported
here. Once PUFAs enter the brain from the plasma via fatty acid transporters,
lipoprotein receptors or passive diffusion they are activated by long-chain fatty
acid CoA synthases (ACSL), producing fatty acyl-CoAs, which can then be
attached to membrane phospholipids (Watkins, 1997). AA and DHA are esterified
at the sn-2 position of membrane phospholipids, and their removal or de-
esterification is carried out by phospholipase A2 (PLAZ2), which can be triggered
by activation of PLA2 coupled receptors (Vial and Piomelli, 1995; Axelrod, 1990;
Felder et al., 1990; Dumuis et al., 1988). These released PUFAs can be
converted into signalling molecules by cyclooxygenase (COX), lipoxygenases
(LOX) and cytochrome P450 enzymes, producing bioactive mediators.
Arachidonic acid derivatives are mostly pro-inflammatory eicosanoids including
prostaglandins and leukotrienes, while EPA (C20:5) and DHA (C22:6) derivatives

are mostly pro-resolving or anti-inflammatory mediators that include resolvins,
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protectins and maresins (Serhan, 2014; Orr et al., 2013; Bosetti, 2007).
Arachidonic acid pathway activation has previously been reported in ALS motor
neurons, while inhibiting the production of AA-derived eicosanoids through 5-LOX
inhibition has been shown to rescue eye toxicity in a C9orf72 Drosophila model
(Lee et al., 2021). It would be interesting to assess the spatiotemporal levels of
AA and DHA mediators, as well as the activity of PLA2 and FADS1 and FADS2
enzymes in future work, as decreases in the levels of esterified AA and DHA may
be due to increased expression or activity of PLA2 enzymes, or decreased
synthesis by FADS1 and FADS2.

5.3.5 Membrane dynamics

The role of unsaturated lipids in modulating membrane fluidity has been well
described (Ruiz et al., 2023; Levental et al., 2020; Ruiz et al., 2019a). Our study
explored membrane fluidity in a behavioural paradigm testing the ability to
recover from chill coma in Drosophila. Flies neuronally expressing (G4C2)3s had
a sensitivity to cold stress which was ameliorated by overexpression of either
Desat1 or fat-2, suggesting that the enzymes encoded by these genes are
fluidising membranes. Future studies of membrane fluidity in C9orf72 iPSC
neurons using Laurdan dye imaging or fluorescence recovery after
photobleaching are warranted to further explore this phenotype. Additionally,
DHA has been shown to increase the stability of lipid rafts by increasing disorder
of non-raft domains (Levental et al., 2016). Lipid rafts functionally partition the
plasma membrane and are important platforms facilitating protein interactions,
signalling and trafficking (Lingwood and Simons, 2010). Altered protein
composition of lipid rafts has been reported in SOD1 mouse spinal cords (Zhai et
al., 2009). Therefore, it is worth studying the stability and composition of lipid rafts
in C9orf72 models, given that the levels of PUFAs, including DHA were affected.
Furthermore, the biophysical properties of the lipid bilayer can directly regulate
the structure, opening probability and activity of integral membrane proteins,
including ion channels (Levental and Lyman, 2023). Therefore, alterations in

plasma membrane phospholipid composition, and dynamics can be hypothesised

160



to be an upstream player with wide-ranging downstream consequences in the
context of C9orf72 ALS/FTD disease.

Adiponectin Receptor 2 (ADIPORZ2) has recently been described as a conserved
master regulator of membrane fluidity, essential for maintaining fatty acid
desaturase expression and unsaturated FA levels in membrane phospholipids
(Ruiz et al., 2023; Ruiz et al., 2021; Ruiz et al., 2019b; Bodhicharla et al., 2018;
Devkota et al., 2017). This regulation occurs via ADIPOR?2 intrinsic ceramidase
activity in response to membrane rigidification, producing sphingosine from
ceramides which can be phosphorylated to produce the signalling molecule
sphingosine-1-phosphate that is proposed to then activate the lipid transcription
factor sterol regulatory element-binding protein 1 (SREBP1) and separately,
peroxisome proliferator-activated receptor gamma (PPARy), with resulting
upregulation of lipid synthesis and desaturation genes, in particular upregulation
of SCD which then increases membrane unsaturation (Ruiz et al., 2022;
Vasiliauskaité-Brooks et al., 2017). Interestingly, in the lipidomics performed on
C9 fly heads, the sphingolipids glucosylceramide and galactosylceramide were
significantly increased (Figure 5.3). Additionally, ADIPORZ2 was downregulated in
post-mortem C9ALS and ALS cervical spinal cord, as was the Drosophila
ortholog of ADIPOR2, AdipoR in C9 fly heads, using the RNA-sequencing
datasets previously analysed in this chapter (Table 5.1). Therefore,
AdipoR/IADIPORZ2 downregulation may result in decreased protein levels of
AdipoR/ADIPOR?2, thereby reduced activation of SREBP-1 and PPARy via
sphingosine-1-phosphate. Future work investigating AdipoR/ADIPOR2 protein
levels and activity might help explain the widespread transcriptomic changes to
lipid synthesis and desaturation genes, as well as the loss of unsaturated
membrane phospholipids reported here.

Table 5.1. ADIPOR2/AdipoR transcript levels in C9 fly heads and ALS
cervical spinal cord

Gene Dataset Fold change Adjusted p-value
ADIPOR2 | ALS vs control 0.805 3.92E-04
ADIPOR2 C9ALS vs control 0.861 0.061

AdipoR C9 vs control 0.863 4.00E-41
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5.3.6 DHA is important for neuronal survival via PI3K/AKT

Phosphatidylinositol 3-kinase/Akt signalling is a major pro-survival pathway in
cells. DHA has been shown to mediate membrane translocation and
phosphorylation of Akt by increasing phosphatidylserine levels, with resulting
effects on neuronal survival (Eady et al., 2012; Akbar et al., 2005). Activation of
the PI3K/AKT pathway has already been shown to be neuroprotective in poly(GR)
repeat Drosophila, in part by decreasing GR levels (Atilano et al., 2021).
Interestingly, in ALS post-mortem excitatory cortical neurons, many genes
involved in activating the PIBK/AKT pathway are downregulated (Li ef al., 2023),
which is possibly in part due to reduced DHA containing phospholipids.

5.3.7 Synaptic functions

PUFAs are enriched at synapses where they have been shown to influence the
localisation of synaptic proteins and regulate synaptic vesicle recycling (Ben
Gedalya et al., 2009; Marza et al., 2007). A recent study described altered
presynaptic protein expression in ALS post-mortem spinal cords (Aly et al., 2023).
Additionally, impaired pre-synaptic vesicle dynamics have been reported in
C9orf72 cortical neurons (Perkins et al., 2021), while defective synaptic vesicle
recycling has been described in C9orf72 Drosophila L3 larvae (Coyne et al.,
2017). Therefore, desaturase overexpression may be mediating its rescue by
ameliorating presynaptic deficits through upregulation of PUFAs. We are actively
testing this hypothesis in the lab.

Additionally, the AA derivatives anandamide and 2-arachidonylglycerol are the
major endocannabinoids present in the brain and are also important regulators of
synaptic function. Anandamide is produced from AA through the action of N-acyl
phosphatidylethanolamine phospholipase D, while 2-arachidonylglycerol is
produced by diacylglycerol lipase. Endocannabinoids are retrograde messengers
which are released from the post-synaptic terminal in an activity-dependent
manner and bind to presynaptic cannabinoid receptor type 1 (CB1), to suppress
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further neurotransmitter release. This retrograde signalling of endocannabinoids
modulates synaptic plasticity as well as long term depression at excitatory and
inhibitory synapses (Castillo et al., 2012; Lafourcade et al., 2007). AA and DHA
can regulate endocannabinoid levels in the brain, while w3 PUFAs have been
shown to modulate CB1 signalling activity (Larrieu et al., 2012; Lafourcade et al.,
2011; Piscitelli et al., 2011; Berger et al., 2001). Given the decreased levels of
AA and DHA in our models, it would be interesting to look at whether
endocannabinoid levels and signalling is altered in C9orf72 ALS/FTD.

5.3.8 Conclusions

In summary, this work identified C9-induced alterations in neuronal lipid
metabolism, particularly neuronal PUFA metabolism, conserved across disease
models and species, implicating this as a novel pathway in the pathogenesis of
C9orf7r2 ALS/FTD. Promoting neuronal lipid unsaturation by desaturase
overexpression was sufficient to extend survival in C9 flies and protect against
excitotoxicity in C9 iPSC-derived motor neurons. Therefore, modulating neuronal
PUFA metabolism can ameliorate C9-associated neurodegeneration.
Additionally, our results suggest that dysregulated lipid and PUFA metabolism
may be a converging pathway among C9orf72 and non-C9orf72 ALS and FTD,

expanding the potential utility of our findings.
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Chapter 6 General Discussion

6.1 Final summary

The aims of this thesis were to reveal novel insights into the pathogenesis of
GGGGCC repeat expansion to identify protective genes and pathways for further
investigation. Specifically, | investigated odd and bowl/, Trpy and lipid metabolism
as modifiers of (G4C2)ze toxicity in Drosophila models of C9orf72 ALS/FTD, with
further validation performed in iPSC neuronal models.

The mechanism by which the Odd-skipped family reduces toxicity in C9
Drosophila was investigated in this work (Chapter 3). Both odd and bow/ were
confirmed to extend C9 Drosophila survival when overexpressed in neurons of
disease model flies, but to reduce it when expressed in neurons of wildtype flies,
suggesting that rescue was specific to disease. To assess whether Odd-skipped
rescue of toxicity was conserved, novel transgenic lines expressing human OSR1
and OSR2 were generated. Both OSR7 and OSRZ2 extended C9 Drosophila
survival when overexpressed in neurons. The magnitudes of survival extensions
observed with each of the four genes varied greatly. Odd and OSR2 extended
survival to a much larger extent than bow/ or OSR1. This correlated with a
decrease of DPR levels with odd and OSRZ2 overexpression, whereas bow/ and
OSR1 overexpression had no effect on DPR levels.

RNA sequencing was carried out on C9 fly heads overexpressing odd, bowl,
OSR1 or OSRZ2 versus C9 alone, to identify target genes or groups of genes
mediating the shared rescue effect. Priority was given to potential targets with an
Odd-skipped transcription factor binding motif, that were commonly altered
across two or more Odd-skipped conditions, had mammalian orthologs whose
directionality was conserved by overexpressing Osr71 or Osr2 in rat primary
neurons, and for which RNAIi or overexpression lines were publicly available.
Based on these criteria, Trpy, hec, Arc1, Ect3 and CG9394 were selected for
follow up. Odd-skipped led to a reduction in the levels of each of these genes

therefore RNAi was used. However, small or no effect on survival was seen upon
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perturbing individual Odd-skipped target genes, suggesting that Odd-skipped
rescues are more likely attributable to combinatorial effects of multiple gene
targets. There is evidently more than one mechanism of rescue attributable to the
Odd-skipped family, given that odd and OSR2 decrease DPR levels, while bow/
and OSR1 do not. Further research into these other mechanisms of C9 rescue
by Odd-skipped family members are warranted.

The role of Trpy in modulating C9 toxicity in Drosophila was further investigated
in this work given that riluzole, an approved drug for ALS, is a direct activator of
orthologous TRPC5 channels (Richter, Schaefer and Hill, 2014) (Chapter 4). Trpy
is upregulated in C9 Drosophila at an early timepoint. Additionally, human
orthologs TRPC4 and TRPCS5, are upregulated in patient-derived iPS motor
neurons, which are likely to represent an early disease stage. At end-stage
disease, TRPC4 is downregulated in post-mortem frontal cortex excitatory
neurons (Li et al., 2023). Trpy extended C9 survival and rescued early motor and
sleep phenotypes when overexpressed in neurons, and this reduction in toxicity
was mediated by a decrease in toxic poly(GR) levels, by an unknown mechanism.
Therefore, early upregulation of Trpy/TRPC4/TRPCS is likely a protective
response that fails in end stage disease, which may contribute to

neurodegeneration.

Lastly, RNA sequencing in flies expressing G4C> repeats specifically in adult
neurons revealed a significant downregulation of fatty acid and lipid metabolism
genes. This signature was conserved in human post-mortem ALS spinal cord
(Chapter 5). To further investigate lipid alterations in ALS/FTD neurons, we
performed lipidomics on C9ALS/FTD iPSC-neurons and found widespread
changes in phospholipid species, characterised by a shift from unsaturated to
saturated lipids, with a pronounced loss of polyunsaturated fatty acids (PUFAs).
This signature was recapitulated by overexpressing (G4C2)e2 and prevented by
treating with a C9orf72 sense targeting ASO. Lipidomics on post-mortem frontal
cortex grey matter from 46 individuals with a pathological diagnosis of FTLD and
12 aged, non-neurological controls, also revealed a decrease in PUFA containing
phospholipids. Finally, to test whether this dysregulation in lipid metabolism
directly contributes to neurotoxicity, we asked whether overexpression of
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desaturation genes could prevent C9-associated neurodegeneration. Indeed,
desaturase overexpression was sufficient to rescue toxicity in iPSC-derived
motor neurons and improve cold sensitivity and extend survival in a C9
Drosophila model when expressed in neurons. G4C» repeat expansion was found
to alter neuronal lipid metabolism, particularly among PUFA-containing
phospholipids, and this dysregulation was conserved across disease models and
species. These results implicate neuronal PUFA metabolism in COALS/FTD
pathogenesis and suggest that modulating neuronal PUFA metabolism is a
potent approach for ameliorating C9-associated neurodegeneration.

6.2 Transcription factors in ALS/FTD

Here, the Odd-skipped family of transcription factors were found to suppress
C9orf72 repeat associated toxicity in Drosophila when ectopically expressed in
all neurons. Transcription factor dysregulation has already been implicated in the
pathogenesis of several neurodegenerative diseases, with disease-linked single
nucleotide polymorphisms (SNPs) enriched in regulatory regions, particularly in
enhancers (Nott et al., 2019; Nativio et al., 2018; Coetzee et al., 2016; Soldner et
al., 2016; Hnisz et al., 2013). Transcription factors bind to specific motifs
consisting of 6-12 nucleotides, located in promoter or enhancer regions to alter
expression of their set of target genes (Chen and Pugh, 2021). The activity of
particular sets of transcription factors are major determinants of cellular identity
(Leyva-Diaz and Hobert, 2019). Therefore, SNPs in transcription factor binding
motifs could alter the likelihood of transcription factor binding, with consequences
for cellular homeostasis. Epigenetic dysregulation has recently been described in
COALS/FTD (Li et al., 2023; Zhang et al., 2019). Disease associated alterations
in H3K27 acetylation at promoters and distal regulatory elements have recently
been reported in post-mortem brains from COALS patients, with resulting impacts
on chromatin accessibility and gene expression (Li et al., 2023). Poly(PR) has
been shown to localise to regions of heterochromatin, that is condensed
transcriptionally silent chromatin, in poly(PR) mice and in COALS/FTD post-
mortem brains and alter histone H3 methylation, with resulting increases in the

expression of repetitive elements and accumulation of double stranded RNA
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(Zhang et al., 2019). Additionally, poly(PR) alters chromatin accessibility in rat
primary cortical neurons, with resulting activation of p53 (Maor-Nof et al., 2021).
Disease-mediated SNPs in enhancer regions as well as alterations in chromatin
accessibility can influence the ability of transcription factors to bind their specific
DNA sequence motifs, with resulting effects on transcriptional programs.
Epigenetic alterations and transcription factor dysregulation may be an important
pathogenic mechanism in CO9ALS/FTD that should be further explored,

particularly in the interpretation of transcriptomic data.

6.3 Evidence of Odd-skipped transcription factor involvement
from other Drosophila models of CO9ALS/FTD

Odd has previously been identified as a genetic modifier of poly(GR) toxicity in a
deficiency screen performed using vestigial-Gal4 (Vg-Gal4) to drive expression
of poly(GR) in the developing wing. Partial loss of function of odd suppressed
(GR)go induced loss of non-neuronal cells in the Drosophila wing (Lopez-
Gonzalez et al., 2019). This finding contrasts with ours, where overexpression of
Odd-skipped genes rescued C9-related toxicity, and extended survival. In our
Drosophila model of COALS/FTD, in which Odd-skipped overexpression was
found to suppress toxicity, we restricted expression to post-mitotic, adult neurons,
allowing us to avoid any confounding developmental effects. When odd and bow/
were overexpressed in a developmental context, using the GMR-Gal4 to drive
expression in developing photoreceptor neurons, we saw a reduction in eye area,
in both the presence and absence of poly(GR) expression. Lopez-Gonzalez et al.
do not report whether knock down of odd in the absence of poly(GR) disrupts
wing development, however, our results indicate that manipulation of Odd-
skipped expression during development disrupts cell and tissue morphogenesis
independent of an effect on DPR related toxicity. (GR)so expression in the
developing wing was previously reported to suppress Notch signalling, while
expression of Notch could prevent the toxic cell loss phenotype (Yang et al.,
2015). Notch signalling is a critical determinant of cellular and tissue
morphogenesis (Diaz-Benjumea and Cohen, 1995), and the Odd-skipped family
act downstream of Notch signalling during development to determine the
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patterning and morphogenesis of multiple tissues (Laddada, Jagla and Soler,
2019; Greenberg and Hatini, 2009; de Celis Ibeas and Bray, 2003; Hao et al.,
2003). Given that Notch and Odd-skipped genes play critical roles during
development, their genetic manipulation during developmental stages might be
expected to have very different effects to their manipulation in adult tissues. There
are now multiple published genetic screens in Drosophila models of COALS/FTD,
mostly performed using developmental expression (Lopez-Gonzalez et al., 2019;
Goodman et al., 2019a; Goodman et al., 2019b; Boeynaems et al., 2016; Zhang
et al., 2015a; Freibaum et al., 2015). The results of such screens have been
informative; however, screens of this nature need to be sufficiently controlled to
be interpreted appropriately, particularly when using visual readouts of toxicity.
Furthermore, given that ALS and FTD are adult-onset diseases, hits from such
developmental expression screens should be confirmed in adult, neuronal

expression models.

6.4 TRPC channel involvement in neuronal health and

neurodegeneration

Here we found that TRPC4 and TRPCS5 genes are dysregulated at the
transcriptional level in COALS/FTD patient cells and post-mortem brains, while
the Drosophila TRPC channel, Trpy, is upregulated in (G4C2)z6 flies. Neuronal
overexpression of Trpy ameliorated multiple neurodegenerative phenotypes in
this fly model of COALS/FTD, however, neuronal overexpression of Trpy in
wildtype flies reduced survival. The TRPC channels are calcium permeable, non-
selective cation channels that have been reported to promote neuronal survival
(Huang et al., 2011) as well as contribute to neurodegeneration by excitotoxicity
(Hong et al., 2020; Jeon et al., 2021). Transient elevations in intracellular calcium
can promote neuronal survival via activity-dependent and neurotrophic signalling
pathways (Ghosh, Carnahan and Greenberg, 1994), however sustained
elevations in intracellular calcium can lead to excitotoxicity (Sattler and
Tymianski, 2000). TRPC1 has been shown to mediate glutamate-induced
hippocampal cell death (Narayanan et al., 2008). TRPC3 and TRPCG6 are
necessary for BDNF-induced CREB phosphorylation and neuronal survival in
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cerebellar granule neurons (Jia et al.,, 2007). TRPC3 is highly expressed in
cerebellar Purkinje cells and is required for synaptic transmission and motor co-
ordination, with loss-of function leading to an ataxia-like phenotype (Hartmann et
al., 2008). Gain of function mutations in TRPC3, causing altered phosphorylation
and sustained channel opening also lead to motor and coordination impairments
in mice, modelling cerebellar ataxia, with altered dendritic development and
eventual loss of Purkinje cells (Becker et al., 2009). TRPC4 has been reported to
play a role in neurite extension in post-mitotic neurons (Weick, Austin Johnson
and Zhang, 2009), while TRPC5 has been described to regulate neurite length
and growth cone morphology (Greka et al., 2003), as well as promote neuronal
axon formation (Davare et al., 2009).

Dendritic mushroom spines of the hippocampus are import for memory formation,
and their loss is reported in Alzheimer’s disease (AD) patients and mouse models
of neurodegeneration (Knobloch and Mansuy, 2008). TRPC6 overexpression
promotes the formation of dendritic spines and excitatory synapses, and
improves spatial learning and memory (Zhou et al., 2008). TRPC6 and Orai2 form
a STIM2-regulated store operated Ca?* channel complex in hippocampal
mushroom spines. Pharmacological activation of TRPC6 can stimulate STIM2-
SOC pathway and rescue hippocampal mushroom spine loss in presenilin and
APP knock-in mouse models of AD (Zhang et al., 2016a) and ameliorates long-
term potentiation deficits in 5xFAD mice (Popugaeva et al., 2019). TRPC6 loss
of function mutations have been implicated in autism spectrum disorder (Griesi-
Oliveira et al., 2015), while mutations in Trpy cause autism-like behavioural
deficits in Drosophila including hyperactivity, anxiety-like behaviour, social
interaction impairments and deficits in sleep, learning and memory, which could
be ameliorated by a TRPCG6 agonist drug (Palacios-Munoz et al., 2022). Despite
the involvement of TRPC channels in maintaining neuronal development, health
and disease, their involvement in ALS and FTD has not yet been studied. Our
results describing Trpy as a genetic modifier of (G4Cz2)3s toxicity in Drosophila
along with dysregulated expression of TRPC4 and TRPCS in patient motor
neurons as well as post-mortem brain tissue, combined with the fact that riluzole
can bind and activate TRPCS channels, warrants further investigation into the
role of TRPC channels in the pathogenesis of C9ALS/FTD.
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6.5 Lipid dysregulation in neurodegenerative diseases

6.5.1 C90RF72 is a regulator of lipid metabolism

CI90ORF72 was recently reported to promote the lysosomal degradation of
coactivator-associated arginine methyltransferase 1 (CARM1), an epigenetic
activator of autophagy and lipid synthesis under conditions of nutrient stress (Liu
et al., 2018). Homozygous knockout of C9orf72 in cells enhanced autophagic
digestion of lipids, increased protein levels of lipid synthetic enzymes as well as
increased free fatty acids, under conditions of starvation stress, through loss of
CARM1 degradation (Liu et al., 2018). These authors confirmed their findings in
two patient iPSC motor neuron lines and demonstrated increased CARM1 protein
levels in three C9orf72 ALS/FTD patient spinal cords (Liu et al., 2018). While
homozygous knockout of C9orf72 is not representative of the haploinsufficiency
seen in C9orf72 patients, it suggests that loss of COORF2 function can contribute
to lipid metabolic defects, particularly under starvation stress. The authors of that
study did not perform lipidomic analyses or transcriptomic analyses on C9orf72
patient cells or post-mortem tissue and therefore we cannot directly compare our
findings to that of Liu et al. Our results are most likely driven by C9orf72 gain of
function mechanisms as Drosophila lack a C9orf72 ortholog. However, it is
apparent that both C9orf72 gain of function and loss of function mechanisms can
contribute to lipid metabolic defects. Further work exploring the relative roles of
haploinsufficiency, RNA foci and DPRs on lipid metabolism defects in C9orf72
ALS/FTD is needed.

6.5.2 Hypermetabolism and dyslipidaemia in neurodegenerative diseases

Hypermetabolism with increased resting energy expenditure is well described in
ALS patients and mouse models, and is associated with a worse disease
prognosis (He et al., 2022; Jésus et al., 2018; Steyn et al., 2018; Bouteloup et al.,
2009; Dupuis et al., 2004). The is also some evidence of increased resting energy
expenditure in FTD patients (Ahmed et al., 2017). Hypermetabolism has also
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been described in Huntington's disease, a dominantly inherited
neurodegenerative disorder cause by polyglutamine repeat expansion in the
huntingtin gene (Mochel et al., 2007; Pratley et al., 2000). There is also some
evidence to suggest that hypermetabolism may play a role in Alzheimer’s disease
(Demetrius, Eckert and Grimm, 2021; Knight et al., 2012). The hypermetabolism
seen in these neurodegenerative diseases likely reflects shared pathogenic
mechanisms related to mitochondrial dysfunction and loss of metabolic

homeostasis.

Dyslipidaemia has been implicated in ALS risk, with elevated levels of
triglycerides and cholesterol correlating with a prolonged survival (Sol et al., 2021;
Dorst et al., 2011; Dupuis et al., 2008). However, higher cholesterol levels have
also been causally linked to ALS (van Rheenen et al., 2021). Furthermore, a high
fat diet prolonged survival in fast-progressing ALS patients in the LIPCAL-ALS
clinical trial (NCT02306590) (Ludolph et al.,, 2020). A recently published
prospective cohort study including over 18,000 participants from the ASPREE
trial (NCT01038583) and 68,200 UK Biobank participants aged 65 or older,
reported a decreased risk of dementia with increased plasma triglyceride levels
(Zhou et al., 2023). Obesity in midlife increases risk of dementia in later life
(Kivipelto et al., 2005), whereas late-life obesity is protective against dementia
(Fitzpatrick et al., 2009), highlighting the need to interpret studies of this nature
with age and disease stage in mind. Interestingly, the TARDBP gene has been
shown to play a role in lipid metabolic homeostasis, with deletion of TDP-43 in
mice found to promote rapid loss of body fat, with increased lipid oxidation
through downregulation of the obesity-related gene Tbc1d71 (Chiang et al., 2010).
TDP-43 pathology is found in multiple neurodegenerative diseases and therefore
may be an important factor to consider when studying shared metabolic

disturbances.

6.5.3 PUFA dysregulation in neurodegenerative diseases

Increased dietary intake of PUFAs, particularly omega-3 (®3) PUFAs, is
associated with decreased risk of ALS (Fitzgerald et al., 2014; Veldink et al.,
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2007). An analysis of PUFA levels in 449 participants of the EMPOWER clinical
trial (NCT01281189) found that elevated plasma levels of the omega-3 PUFA
alpha-linolenic acid were associated with a longer survival and slower functional
decline after ALS onset, while increased plasma levels of omega-6 PUFA linoleic
acid and omega-3 PUFA eicosapentaenoic acid were associated with a reduced
risk of death during the follow up period in this study (Bjornevik et al., 2023).
Higher dietary intake of PUFAs is associated with a decreased risk of Parkinson’s
disease (PD) (Qu et al., 2019), while increased intake of the omega-3 PUFA DHA
has been associated with a reduced risk of Alzheimer’'s disease (Zhang et al.,
2016b). However, a systematic review of omega-3 PUFA supplementation or
enriched diets in randomised control trials of Alzheimer's disease (AD), vascular
dementia, dementia with Lewy bodies, Parkinson's disease dementia or FTD
found no evidence of improved cognitive function or quality of life after 6 months
(Burckhardt et al., 2016).

While a high fat diet has been shown to worsen behavioural and
neuropathological phenotypes in the APP/PS1 mouse models of Alzheimer’s
disease (Bracko et al., 2020), omega-3 fatty acid supplementation shows
beneficial effects on pathology and cognition in AD rodent models (Hooijmans et
al., 2012). Genetic manipulation of endogenous omega-3 PUFA levels in mice
through expression of C. elegans-derived fat-1 has been shown to enhance
hippocampal neurogenesis and neuritogenesis, with enhanced spatial learning
performance versus wildtype mice (He et al., 2009; Kang et al., 2004). FAT-1 has
been shown to ameliorate disease-related phenotypes in AD mouse models. APP
mice crossed to transgenic fat-1 mice show improved cognition, behaviour and
neuropathology (Wu et al., 2016), while Tau P301S mice have improved learning
and memory, and increased survival when crossed to transgenic fat-1 mice (Fang
et al., 2019). In this thesis, fat-2 expressed in neurons of C9 Drosophila could
improve survival, while fat-1 and fat-2 partially rescued motor neurons from
glutamate excitotoxicity stress. It will be very interesting to cross fat-1 and fat-2
transgenic mice to mouse models of C9orf72 ALS/FTD to assess whether
endogenous expression is sufficient to rescue disease-related phenotypes in

mice.
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Fatty acid desaturase 2 (FADS2), an enzyme involved in DHA synthesis, was
reported to be increased at the protein level in spinal cord from sporadic ALS
patients (Cacabelos et al., 2016), despite DHA being decreased in these same
samples (llieva et al., 2007). Contrastingly, that paper reported increased levels
of DHA in frontal cortex brain tissue of the same ALS patients (llieva et al., 2007).
Desaturase upregulation reported in that study may be a compensatory
response, however measuring activity rather than protein levels would be more
informative. That study also suggested that there are regional differences in
PUFA dysregulation. Further studies are needed to address the temporal and
regional dynamics of PUFA dysregulation in ALS, as well as uncover the

underlying mechanisms.

Dysregulated arachidonic acid (AA) metabolism has been reported across SOD1,
C9orf72, TDP-43 and sporadic ALS spinal motor neurons, with inhibition of 5-
LOX, an enzyme that processes AA into inflammatory eicosanoids, improving cell
survival of SODT1 and C9orf72 motor neurons and partially rescuing
neurodegenerative phenotypes in a Drosophila and SOD 1934 mouse model (Lee
et al., 2021). The levels of PUFA-derived mediators have also been reported to
be altered in the CSF of patients with frontotemporal dementia. In a pilot study of
lipid mediators in FTD CSF, C9orf72 mutation carriers had higher levels of the
DHA-derived, specialised pro-resolving mediators maresins and resolvins
compared to controls. Among pro-inflammatory eicosanoids, AA-derived
leukotrienes were increased in MAPT, C9orf72 and GRN FTD groups, while AA-
derived thromboxane was higher in CSF from MAPT and GRN groups but not
C9orf72 (Sogorb-Esteve et al., 2021). We did not measure lipid mediators in this
thesis however, it would be very interesting to assess their levels, given that PUFA

levels were altered.

6.6 Potential ways in which C90orf72 repeat expansion leads to

global lipid dysregulation

Here, we have described a new pathway implicated in C9ALS/FTD. We show a

dysregulated phospholipid saturation signature caused by the presence of
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expanded C9orf72 repeats in iPSC neurons, post-mortem brain and spinal cord
and a Drosophila model. These lipid changes must be occurring due to the
presence of repeat RNA or DPRs, or both, as flies do not have a C9orf72 ortholog.
In our Drosophila model, toxicity is mainly driven by poly(GR) (Mizielinska et al.,
2014). Additionally, sense-targeting ASO treatment reverses the pathogenic
lipidomic signature in neurons, suggesting that sense RNA or DPRs, of which
poly(GR) is most toxic, are driving the phospholipid saturation changes observed.
The fact that similar lipid transcriptomic and lipidomic signatures were observed
in both COALS, COFTD and non-C9ALS and FTD in post-mortem spinal cord and
brain, could suggest that TDP-43 pathology is a converging mechanism
mediating this shared lipid disease signature. Alternatively, nucleocytoplasmic
transport impairment may be an early common mechanism across these
neurodegenerative diseases (Coyne and Rothstein, 2022). Indeed, many nuclear
proteins including transcription factors are found mislocalised in the cytoplasm in
post-mortem brains with ageing and across a range of age-related
neurodegenerative diseases (Hutten and Dormann, 2020; Lu et al., 2014; Kim
and Taylor, 2017; Ramsey et al., 2007; Chu et al., 2007).

Mislocalisation of transcription factors could underlie the extensive transcriptomic
dysregulation seen across models of C9ALS/FTD, and is an interesting
hypothesis to consider. Cytoplasmic localisation of master lipid transcription
factors such as SREBP or PPAR could lead to their functional impairment,
causing the widespread transcriptional dysregulation of lipid metabolism with

resulting effects on lipid species reported here.

6.7 Why are unsaturated lipids protective in C9ALS/FTD?

6.7.1 Unsaturated lipids increase membrane fluidity

Cell membranes are fluid mosaics of lipids and proteins, and this fluid property of
membranes is influenced by temperature as well as lipid composition. The
presence of double bonds in fatty acids of phospholipids creates kinks in the
carbon chain, thereby reducing phospholipid packing and increasing membrane
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fluidity (Ruiz et al., 2023; Levental et al., 2020; Ruiz et al, 2019a). The
biophysical state of lipid bilayers can influence the structure and activity of integral
membrane proteins which make up approximately 30% of the mammalian
proteome and are attractive drug targets (Overington, Al-Lazikani and Hopkins,
2006; Krogh et al., 2001). Therefore, lipid membranes are more than a protective
barrier, or an inert milieu in which important proteins reside, and the composition
of this lipid membrane can have wide ranging effects on cellular functions

(Levental and Lyman, 2023; Harayama and Riezman, 2018).

Since phospholipid PUFA levels were found to be dysregulated in C9orf72
ALS/FTD neurons in this work, we predict that this has widespread effects on the
fluidity of neuronal membranes. In a behavioural paradigm, we utilised a cold
stress sensitivity assay as a proxy for membrane fluidity assessment. C9
Drosophila that had altered expression of desaturases were found to have a
greater sensitivity to cold-stress, as expected (Brankatschk et al., 2018).
Desaturase overexpression in neurons of C9 flies was able to ameliorate this
cold-sensitivity phenotype, possibly by fluidising membranes (Chapter 5). A
contradiction arises when considering that PUFAs are susceptible to oxidative
stress which can cause lipid peroxidation, which rigidifies membranes and can
trigger ferroptosis (Reiter, 1998). Lipid peroxidation has been implicated in ALS
patients and mouse models (Miana-Mena et al., 2011; Simpson et al., 2004;
Shibata et al., 2001). Mutations in SOD1, encoding the antioxidant enzyme,
superoxide dismutase, is a major genetic cause of ALS, and SOD1 mutant mice
have increased spinal cord membrane rigidity, which may be due to increased
lipid peroxidation (Miana-Mena et al., 2011). Membrane fluidity has not yet been
assessed in sporadic ALS or other genetic forms of ALS. Ferroptosis has not
been explored in this study, however, it will be important to consider lipid
peroxidation in future work when manipulating PUFA levels, as there may be a
sweet spot that corrects disease-related deficits but does not lead to toxicity via

susceptibility to peroxidation.
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6.7.2 Saturated fatty acids are a toxic factor in ALS

Reactive astrocytes have been shown to promote motor neuron degeneration in
ALS models, by secreting toxic factors that lead to neuronal cell death
(Guttenplan et al., 2020; Tripathi et al., 2017; Nagai et al., 2007). Saturated fatty
acids have recently been identified as a key neurotoxic factor secreted by
astrocytes in lipoparticles, which can subsequently be taken up by
oligodendrocytes and neurons and incorporated into their membranes. In that
study, saturated fatty acids were shown to lead to cell death via lipoapoptosis,
rather than ferroptosis (death by lipid peroxidation), initiating the unfolded protein
response (UPR) by activating PERK, with cytotoxicity occurring via PUMA and
cleaved caspase-3 (Guttenplan et al., 2021). Furthermore, astrocyte-specific
knockout of ELOVL1, an enzyme responsible for producing long-chain saturated
lipids, reduced astrocyte-mediated neuronal toxicity in-vivo (Guttenplan et al.,
2021). The authors of this study remark that the lipotoxic cell death is likely due
to changes in membrane structure (Guttenplan et al., 2021). Indeed, membrane
remodelling after treatment with the saturated fatty acid palmitic acid has
previously been shown to compromise endoplasmic reticulum membrane
structure and integrity, triggering apoptotic cell death (Borradaile et al., 2006).
Other studies have shown that knocking down stearoyl coenzyme desaturase
(SCD1) or treating with palmitic acid decreases membrane phospholipid
unsaturation, inducing UPR via both IRE1 and PERK (Halbleib et al., 2017;
Volmer, van der Ploeg and Ron, 2013) or activating UPR and triggering cell death
via PERK-CHOP (Ariyama et al., 2010) and that this UPR activation can be
suppressed by treating SCD7 knockdown cells with monounsaturated or
polyunsaturated fatty acids (Ariyama et al., 2010). Therefore, loss of unsaturated
lipids from neuronal membranes in ALS and FTD, as we report here, may
indirectly contribute to cell type vulnerability and cell death by increasing the
relative amount of saturated fatty acids in the membrane. Additionally, the
decreased levels of unsaturated phospholipids reported here may also be
contributed to by subcellular organellar membranes. Since membrane
composition varies between organelles dependent on their unique function,
global loss of unsaturated phospholipids in disease may have devastating
consequences on these subcellular compartments, particularly endoplasmic
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reticulum and mitochondria (Levental and Lyman, 2023; Budin et al., 2018). In
future, it would be informative to perform lipidomics on isolated organelles from
ALS/FTD models.

6.7.3 PUFAs can influence the activity of ion channels

PUFAs have been shown to directly bind to and inactivate voltage gated
potassium channels and thereby alter neuronal excitability (Moreno et al., 2012;
Guizy et al., 2005; Vreugdenhil et al., 1996). Therefore, neuronal PUFAs may be
exerting neuroprotective effects through inhibitory effects on ion channels, with
loss of neuronal PUFAs leading to loss of this inhibition, and as a result,
contributing to excitotoxicity.

6.7.4 PUFAs can influence post-translational lipid modification of proteins

with impacts on protein localisation and function

Palmitoylation is a post-translational modification of proteins involving the
attachment of the saturated fatty acid palmitic acid (C16:0) at cysteine residues
by thioester linkages, and this modification can be prevented by PUFAs (Webb,
Hermida-Matsumoto and Resh, 2000). Palmitoylation can directly and indirectly
influence the stability, localisation and clustering of ion channels at membranes
(El-Husseini and Bredt, 2002). Postsynaptic density protein 95 (PSD-95) is a
scaffold protein that clusters ion channels, including potassium channels and
glutamate receptors AMPA and NMDA, at excitatory synapses, and this
clustering is dependent on palmitoylation of PSD-95 by palmitoyl acyl
transferases at dendrites (Jeyifous et al., 2016; Christopherson et al., 2003).
Furthermore, palmitoylation of PSD-95 was found to increase levels of both PSD-
95 and AMPARs at synapses (Jeyifous et al., 2016). PSD-95 is transported to
synaptic regions by KIF5 (Yoo et al., 2019). Given that KIF5A mutations are a
genetic cause of ALS, leading to a loss of autoinhibition, with increased
microtubule binding and transport (Baron et al., 2022), it is possible that PSD-95
trafficking to the synapse is enhanced, leading to increased PSD-95

palmitoylation, and increased levels of AMPARs at excitatory synapses.
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Increased expression of AMPARSs in motor neurons and resulting excitotoxicity
have already been implicated in CO9ALS/FTD (Selvaraj et al., 2018). Given that
PUFAs can prevent palmitoylation, PUFAs may also exert their neuroprotective
effects by decreasing PSD-95 palmitoylation, and therefore decreasing AMPA
receptor levels at excitatory synapses.

6.8 Conclusion

Here | have attempted to identify novel modifiers of C9orf72 toxicity, beginning
with unbiased transcriptomics approaches in Drosophila models of CO9ALS/FTD,
and confirming findings where possible in patient iPSC neurons and post-mortem
brains. The Odd-skipped family were identified as modifiers of toxicity in C9
Drosophila in part due to their regulation of the C9 transcriptomic signature. Trpy
overexpression rescued sleep, motor and survival neurodegenerative
phenotypes in C9 Drosophila, by decreasing toxic poly(GR) levels. In the main
study of this thesis, | identified fatty acid metabolism, particularly phospholipid
saturation, as a novel, conserved, dysregulated pathway in COALS/FTD. Further
work will be required to determine the mechanisms by which loss of unsaturated
phospholipids leads to neurodegeneration, and how desaturase overexpression
ameliorates toxicity. On a broader scale, transcriptomic and lipidomic
dysregulation was also found in non-C9orf72 ALS and FTD tissues, potentially
widening the applicability of our findings to a broader range of neurodegenerative
diseases. Future studies correlating dietary intake of PUFAs, as well as plasma
and CSF lipidomics at disease onset and throughout progression, to post-mortem
brain lipidomics, and disease duration, within and between individuals, could
reveal important insights for biomarker development. Given that high dietary
PUFAs and elevated plasma levels of PUFAs are associated with reduced risk of
ALS, our study further provides evidence that PUFA supplementation should be
recommended at diagnosis and possibly as a preventative measure throughout
the life course. Modulating neuronal PUFA levels genetically will be much more
challenging, but this work suggests that this will be a promising approach for
ameliorating C9-associated neurodegeneration.
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